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Generation ofreactive oxygen species leading to perturbations in the structure 
andfiinctionsof biomolecules in the cell's microenvironment has been established 
as a physiological as well as a stress response by the studies carried out in this 
laboratory and by reports spearing in literature in the past two decades. The 
biochemical response to occupational and environmental xenobiotics in differeirt 
target tissues involves specific molecular lod and mechanisms in toxic tissue 
injury. Two general phenomena namely, oxidative stress caused by uncontrolled 
generation offi'ee radicals and destabilization of calcium homeostasis have been 
observed in most toxic and stress conditions. The interrelation between these two 
processes has been the subject matter of research in this laboratory in the recent 
past. A central unspecific pathway in toxicity i.e. xenobiotics > 
biotransformation———> fi-ee radicals >^ membrane damage > altered 
calcium functions >^ diversity of toxic effects has been proposed by us. 
Many neurotoxicants cause oxidative damage to membranes and derangement of 
calcium functions, hence neurotoxic conditions are ideal for stu(fying the above 
hypothesis. Brain is especially vulnerable to oxidative damage due to its PUFA 
rich membrane structures, oxygen availability and atypical antioxidant defences. 
The role of oxidative stress has been well studied in a number of neurodegen-
erative disorders such as Paiidnson's and Alzheimer's disease, ischemia/reperfusion, 
stroke, neuronal damage and amyotrophic lateral sclerosis etc. High doses of 
antioxidants have been tried as therapeutic intervention in slowing the process of 
degeneration. Eariier reports from this laboratory showed involvement of free 
radical related processes and the modulation of antioxidant defences during 
mild anaesthesia by ether and phenobarbitone. Therefore, for this study, diazepam-
a benzodiazepine, was chosen as a neuroactive substance for observation of its 
effect on oxidative phenomenon and calcium deregulation. Since diazepam is not 
a gross CNS depressant and has a mechanism of action different from 
phenobarbitone, it is a widely prescribed drug by clinicians and cases of its overuse 
and abuse have also been reported Hence, attempts have been made to cany out 
anindepth study on the effect of diazepam on the pro/antioxidative processes in 
different regions of rat brain. 
Early response to single dose and repeated administration of diazepam upto 
3 weeks was followed at the subcellular level. Levels of key antioxidants and 
peroxidative decomposition of PUFAs was followed even after the elimination 
period of the drug i.e. 7 d^s after the cessation of diazepam administration In a 
reductionist approach, ftirther studies were carried out at the mitochondrial level, 
as mitochondrial membranes have benzodiazepine receptors and leakage of electrons 
from its electron transport chain especially ubiquinone can cause large scale 
generation of ROS leading to membrane perturbations. Mitochondria have been 
shown in earlier publications to be a critical loci for deciding the ultimate cell 
death and they are a good model for in depth study to test the hypothesis. 
Early biochemical changes due to single exposure to diazepam were observed 
in different regions of brain following administration of diazepam (i.p.) at 3 m^kg 
body weight to rats which were sacrificed after 1 hr. Diazepam treated rats showed 
lowering of thiobarbituric add reactive substance (TEARS) formation in all the 
regions of brain in a dose dependent maimer. However, at the subcellular level 
a variation in response was observed. Enhanced TEARS formation was found in 
the mitochondrial fi^actions fi*om brain stem (BS), cerebellum (CBL) and cerebrum 
(CE). In the post mitochondrial fraction (PMF), CEL showed 49% enhancement 
whereas decreased formation of TEARS was observed in CE and ES. Isozymes of 
superoxide dismutase showed a decrease in activity which was region dependent. 
Eventhough, total thiols were not significantly altered, free thiols showed depletion 
in cerebellum (39.8%) and brain stem (50%). Glutathione reductase (GR) activity 
was also decreased in the mitochondria of CEL and ES being 72.41% and 59% 
of that of corresponding controls. Similar trends were observed in the PMFs also. 
A trend towards normalisation of antioxidant defenses was observed in rats 
killed 18 hours after diazepam administration. Secondary antioxidant, Glucose-
6-phosphate dehydrogenase (G6PDH) was not affected by diazepam whereas 
membrane bound Ca^-Mg^-ATPase activity was enhanced by 6.3 fold in CE and 
2.5 fold in CBL at a 5% LDj^  dose. In vitro studies showed diazepam reducing 
the prooxidant induced lipid peroxidation. Thus the early response indicates that 
diazepam causes free radical mediated changes and the modulatory response 
of antioxidant defenses appears to be not only region specific but also organelle 
specific. 
Further studies were undertaken to ascertain the role of pro/anti oxidative 
processes during a low, sub toxic dose schedule in short and long term exposure in 
different regions of rat brain at the subcellular level. The results indicate heterogenei-
ty in the regional responses as well as in different subcellular compartments after 7 
consecutive days of treatment with diazepam (3 mg/kg) with only a slight change 
in the Nfa-SOD activity in the 3 regions vdiile a significant (p<0.001) increase in 
Cu/Zn-SOD activity in CEL and BS was observed . The GR activity in mito-
chondria of CBL and BS also showed a highly significant (p<0.001) increase v^iile 
in the PMF only CB showed a significant rise in activity and the activity decreased 
to a considerable extent in CBL and BS (p<0.01). An overall stress adaptive 
response in animals exposed to the drug regularly is observed where the level of 
TBARS is moderately decreased (p<0.1) in the mitochondria of CBL andBS (27% 
and 48% respectively) and significant decrease in CB was observed Considerable 
lowering ofTBARS was observed in the PMF of all the regions. Significant rise 
(p<0.001)in total thiols (61% in CBL) was seen in the treated rats. In the follow 
up study, 7 days after the abrupt withdrawal of drug a 1.82 fold increase in TBARS 
formation in mitochondria of CB was observed vAaie PMF showed a 3.68 fold 
enhancement. Highly significant (p<0.001) increase in MD A levels was seen in 
both the fractions of CBL and BS as well. On the other hand, significant (p<0.001) 
decrease in both the isozymes of SOD was seen in CBL and BS and a moderate 
decrease in CB. There was a 36% lowering of mitochondrial GR activity in CB. 
Thus after withdrawal of the drug suppressed antioxidant defences could be the 
reason for oihanced TBARS formation In the group of animals receiving diazepam 
for 21 consecutive d^s a different trend was observed showing 27% lowering in 
TBARS formation in mitochondria of CB while those of CBL and BS had 48% and 
24% enhanced MDA levels respectively. The SOD isozymes in diis group showed 
stability in the activity. The mitochondrial GR activity showed a decrease in all the 
3 regions with maximum decrease (36%) recorded in BS v\Me PMF showed 
significant (37%) lowoing in CB. The total -SH content increased in all the regions 
being highly significant (p<0.001) in CBL wiiile the free -SH groups showed 
significant (p<0.001) changes in CBL and BS. hi the animals wididrawn from the 
drug for 7 days after a 3 week treatment schedule the MDA level decreased by 
38% in CB and 53% each in CBL and BS mitochondrial firactions which was 
contrary to the response of rats withdrawn fix)m the drug after 1 week of treatment 
In the PMF a 60% decrease in CBL and a highly significant (pO.OOl) increase in 
BS was observed Mn-SOD showed lowered activity in CBL (22%) and in BS 
(15%). The mitochondrial GR activity decreased in all the regions being highest 
in CBwith no significant change in GR of PMFs. The total -SH content in the 
withdrawn animals increased by 46% in CBL with no change in CB and BS while 
the free -SH groups also showed a similar pattern. The results indicate towards 
lowo" oxidative phenomenon during long term treatment with diazepam ^ i^lile ahnpt 
withdrawal causes lowering of antioxidant defences which showed regional 
heterogeniety alongwith a decrease in peroxidative decomposition of polyunsaturated 
fatty acids of membranes which could be due to stabilisation of membranes after 
long-term binding of diazepam. However, in the animals withdrawn fi-om one week's 
treatment, PUFA were more vulnerable to peroxidation as well as lowering of key 
antioxidant defence enzymes. 
In order to see v^ether the modulation of prooxidative processes due to 
Z are related to altered calcium dynamics, several lines of in vivo and in vitro 
studies were conducted using CB and BS mitochondria. Brain and liver 
mitochondria showed difference in degree of superoxide induced oxidative 
swelling. Brain mitochondria showed 30% reduction in Ca^ * induced swelling in 
the presence of diazepam. Swelling was far less in brain mitochondria as compared 
to liver mitochondria. The transmission electron micrographs (TEM) show 
protection to mitochondrial membranes of cerebrum and brain stem incubated with 
diazepam before oxidative stress (in vitro), though diazepam alone does cause 
membrane alterations at higher doses compared to the untreated samples. Diazepam 
enhanced Ca^ sequestration in mitochondria at different doses and time intervals 
and the pattern of sequestration was different in cerebrum and brain stem. It was 
evident from the data that brain stem mitochondria show greater capacity for holding 
calcium and that too for longer duration as compared to cerebrum mitochondria. 
The mitochondrial membrane marker enzymes, MAO and cytochrome c oxidase 
show only slight differences in activity due to diazepam treatment (in vivo and in 
vitro). There was a tendency of increase in lysoledthin/lecitfain ratio as seen 
from ^^ C choline incorporation in the treated group, yet the polyacrylamide gd 
electrophoresis showed no detectable leakage of proteins from mitochondria, thereby 
confirming that diazepam does not cause gross damage to mitochondrial mem-
branes and the membrane impermeability is not lost, hi the presence of diazepam, 
protection against oxidative stress to the mitochondrial membrane structure and 
frmctions alongwidi the proteins was seen in these studies. Diazepam also enhanced 
the capacity of mitochondria for holding Ca^ which is very critical in any toxic 
insult and ultimate cell death. 
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'Jne tmficaCttmdaledpcnutOatioiu; ui ll'ie slmcLuraCandfunclionaCoiganization 
of 6iomo(ecu(es fuwt been virtuaBjconftmed as a^emraCfeature, of 6iob£icalitsponse 
to stress conditions, incCudirtg toTQcity of 7(eno6iotics. Hfit rok ofaCteration in cakium 
ion fdp^ and functions, comprising referred effects tHrougfi signaC transduction, 
metaSoCic refutation, neurotransmitter dynamics and uftrastructural organization in 
toTQc conditions fias (dso been toidety accepted as a central event into^Qcity. The. 
interrelation between free radical processes and de/iomeostasis of calcium fias become 
evidentfromafew studies in tfve last decade including tHatfromtHe IndustritUloTQcologg 
^earchCentit. Ihe supervisor of tlvstHesis, (Dr. Toorwm HQi^r Had ejqferimental&f 
sfmvn and conceptually correlated an e}(citing model of a central unspec fie cHain of 
events in many conditions of tojQcity: 7(enobiotics —> biotransformation —> free 
radicals—> membrane cfianges —> calcium deregubtion—> metabolic c/ianges—> 
to?(ic effects. 
In tfie J^lJm iMater of the authoress- 'Department of (Biochemistry, i^CigarhMusGm 
University, Trof S.^. ^Hadiand Colleagues have been active in the field of 07Qdatv)e 
damage to nucleic acids andtHeir biomedicalinflications. Sis such, it is forturuite that 
tfieproblemofccdciumdyimmicsarulactiveo?(ygenspeciesinneurotoTQcity xvas assigned 
as the topic of this 'ShJD thesis during the interrmtionaldecade of neurosciences. 
Ihis decade has seen a dimenswrml advancement in the urukrstaruling of the finer 
aspects of sensory functions, the retromesserigerfurwtion of9{p and CO, the aUround 
hydrophobic and hydrophilic versatility of melatonin and genetic mal^ up and regula-
tion of neurorecxptor subtypes as a signficantpart of advancement in Iqunvledge and 
practice of neurophysiology, molecular biology, pathology arulclinuuUmanagement. The 
role of o}Qdative stress inneurologicalcoTulitions andtheben^icialeffects of antio7(idants 
and free radical scavertgers has also been appreciated. With multfarous stress factors 
infCttencing centraC nervous system^ such as pat/w^enic and genetic diseases, 
devehpmentaCand genetic predisposition, BeHaviouraCaspects, and dru£ and stimulant 
use and misuse, tfie understanding of free radicaCprocesses also Becomes important. TarCier 
studies loitfi BarBiturates emphasized this need. UnCil^ these gentrat neuronal 
depressants, Benzodiazepines act more specficaOy through potentiation of tfie Qi\'BiA.-
mediated neuronaCinhiBitionandcalciumdependent release of neurotransmitters. This 
necessitated tfie present study on diazepam vis a vis free radicaCprocesses in Brain. The 
overalloBjectix/e is to understand the interrelation Between dereguBition ofcakiumcycles 
andoTQjgen radicalmediatedmemBrane changes in different regions of rat Brain under the 
influence ofandfolhywing diazepam treatment. 
Ihe direct approach of quant fying calcium levels in different intracellular 
compartments and overall transport dynamics alone would have give valuable clues to 
Oftswer the Basic question. But for getting insight of the referred functional implications, 
it was resorted to relying on ultrastructural aspects and status of pro and antifree 
radical agents. This kd to some deviationfromtfie ordinal worf^lan solely depemUnt 
on cakium responsive events, to tfie overcdlfunctioned status in neurotoxicity and its 
reversal. But zvitfiout changing tfie effort to study prooTQdatnfe changes Imding to 
deregulation of ccdcium cycles as influenced By diazepam. The dissertation comprises of 
efforts made By the candidate in this direction. 
!FolJ[btvedBy a Bri^But e?^iaustiueBac/^roundliterature in relation to the central 
theme, reviexv and critiaUappraisal of contemporary scientfic data, tfie results of tfie 
study alongwithmethodobgy are presented and discussed in tftree chapters. In tfie 
first, changes (in vitro and in vivo) following a single injection of diazepam in dfferent 
Brain regions, pro and anti-o?Qdative stress factors are e?(plbred. 9{owfaT repeated e?(posure 
affects the abcnfe and what is the effect of ahrupt withdrawal of drug on k^ypro/ 
antio?(idantprocesses, is tfie suBject of tfk second chapter. S\s an e}(ercisefromato7Qcology 
oriented institute funded By Indian CouncUofO^dedical^Rgsearch, a proportional^ higfkr 
VI 
Bias towards to7(ico(o£ical approadi is iogkd, oSt/iousandjust^iaSle. !HbTVever,mtfk 
tturd and final chapter, m order to get a Basic insigfit, more direct e}(periments on 
memBrane uCtrastructure and function a(onffioiift effect on pfwspfwlipid profile and 
memBrane integrity, calcium upta^ vis a xHs reactive ojqigen species formation and 
diazepam mediated cfumges have Been carried out. Time dependent Cd^* eff[w(^from 
mitoc/iondria of two regions of Brain, in tfie presence of diazepam fias also Been e}(p(ored. 
Since data in each chapter are separately discussed, a general section on summary and 
tfieir conclusions is added at tfie end and the BiBliography appended in this dissertation. 
Ihis thesis is suBmitted tvith profound gratitude to tfie Uvo Institutes for the 
training provided so that the study "Would help in e?Q)lainirtg diazepam mediated 
neurological effects from the perspective of free radical processes. 
REVIEW OF LITERATURE] 
Review of Literature 
Diazepam and Benzodiazepines 
Diazepam (DZ) belongs to the group of 3000 and odd benzodiazepine (BZD) 
drugs. The use of most anxiolytic drugs is limited by several side effects, most 
notably their serious toxicity at high doses and their high liability to addiction. 
BZDs are very useful and comparatively safer drugs when used alone in the 
treatment of anxieties, sleep disorders, muscle pain, convulsions and alcohol 
withdrawal. They however, can be very toxic vsiien used with other CNS depressants 
and produce physical dependence when used chronically (Sloan, 1994). They 
have a lower potential for addiction than many other drugs that were used earlier 
and are less likely to cause death or serious damage when taken in large overdoses. 
The various benzodiazepines differ primarily in their pharmacokinetics rather 
than in their clinical effects (Barchas et al, 1994). 
The term benzodiazepine (BZD) refers to the portion of the structure (Fig. 1) 
composed of a benzene ring (A) fused to a 7-membered diazepine ring (B). 
However, since all the important BZDs contain a 5-aryl substituent ring (C) and a 
1,4-diazepine ring, the term has come to mean the 5,aryl-l,4-benzodiazepines. 
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Various modifications in the structure ofthe ring systems have yielded compounds 
with dmilar activities. The effects of BZDs, virtually all, result fi-om actions of 
these drugs on the CNS, the most prominent of these being sedation, hypnosis, 
decreased anxiety, muscle relaxation, anterograde amnesia, and anticonvulsant 
acti\iU'. Only two effects of these drugs appear to result fi-om actions on peripheral 
tissues: Coronary vasodilation, seen after intravenous administration of therapeutic 
doses of certain BZDs, and neuromuscular blockade, seen only with very high 
doses (Oilman, 1996). 
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Fig. 1: The general structure of benzodiazqiine (Gilman et al, 1991). 
BZDs are well absorbed after oral administration, and concentrations in 
plasma are usually maximal within 1 to 4 hours. After i.v. administration, 
thQT are redistributed in a manner typical of that for highly lipid-soluble agents. 
Central effects develop promptiy but wane rapidly as the drug moves to other 
tissues. Diazepam is redistributed especially rapidly with a half life of 
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redistribution of about 1 hour in adults and 15-30 mins in children (Oilman, 
1991). The extent of binding of BZDs to plasma proteins correlates with lipid 
solubility, ranging from approximately 99% for diazepam to about 85% for 
clonazepam. 
The major metabolite of diazepam, N-desmethyldiazepam (Kaplan et al, 
1973), is somewhat less active than the parent drug and may behave as a partial 
agonist. Both diazepam and N-desmethyldiazepam are slowly hydroxylated to 
other active metabolites, such as oxazepam. The half life of diazepam in plasma is 
between 1 and 2 days while that of N-desmethyldiazepam is about 60 hours. Less 
than 1% of the drug is recovered unchanged in the urine. 
Clinical Effects 
Acute overdose toxicity has been observed more often with short acting 
BZDs (midazolam and triazolam) and the intermediate acting flunitrazepam than 
with diazepam, lorazepam and nitrozepam (Meir et al, 1993). Death caused by 
BZDs alone in the absence of other significant toxicologic agents or pathology is 
uncommon, although BZDs alone can cause death in the absence of significant 
natural disease or advanced age (Drummer et al, 1993). Death has been reported 
after consumption of high doses of flunitrazepam, alprazolam, triazolam, temazepam 
and flurazepam. 
Tolerance and Physical Dependence 
Tolerance, physical dependence, and withdrawal are all biological 
phenomena They are the natural consequences of drug use. They can be produced 
in experimental animals and in any human being who takes certain medications 
repeatedly and the drug is terminated abruptly rather than gradually. Studies on 
tolerance in animals often are cited to support the belief that disinhibitory effects 
of BZDs are separate ftom their sedative- ataxic effects. For example, tolerance to 
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the depressant effects on rewarded or neutral behaviour occurs after several days 
of treatment with BZDs; the disinhibitory effects of the drugs on punished behaviour 
are augmented initially and decline after 3 to 4 weeks (File and Andrews, 1993). If 
doses of BZDs are given for long periods and then abruptly withdrawn, severe 
withdrawal symptoms can occur (Woods et al, 1987). Moreover, diazepam has 
been suggested to operate both acutely and chronically through the same pathway 
(Lucas et al, 1997), Although most patients who chronically ingest 
benzodiazepines report that drowsiness wanes over a few days, tolerance to the 
impairment of some measures of psychomotor performance usually is not observed. 
The development of tolerance to the anxiolytic effects of BZDs is a subject of 
debate (Laderand File, 1987). Some studies suggest that drug tolerance observed 
due to repeated BZD exposure may be associated with the development of a 
subsensitivity to GABA in dorsal raphe and hippocampal neurons. In other areas 
such as the substantia nigra, such sub-sensitivity has not been found, (Hutchinson 
et al, 1996). Withdrawal signs in BZD-dependent rats comprise behavioural 
changes such as enhanced anxiety, reduced seizure threshold and alterations in 
vegetative functions and weight loss (Bonnafous et al, 1995). This hypersensitivity 
after chronic BZD treatment of rodents is considered a reliable and useful index 
of physical dependence on BZDs (Mizoguchi et al, 1993). It has been postulated 
that this withdrawal response may reflect CNS hyperexcitability as a result of an 
adaptive response to chronic treatment with BZDs, although the neurochemical 
basis of this phenomenon has not yet been clarified. Moreover, BZD withdrawal 
has been shown to reduce the ability to develop an adaptive response to stress 
(Martijena e/a/, 1996). 
BZD receptors located in the CNS are involved in behavioural withdrawal 
syndrome, whereas BZD receptors located at the peripheral level are responsible 
for digestive withdrawal syndrome involving capsaicin sensitive neurons as shown 
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by rats chronically treated with DZ (15 mg/kg/day; i.p.) for 7 days (Bonnafous and 
Bueno, 1994). Abrupt termination of the chronic diazepam treatment (3 weeks) 
showed withdrawal hyperactivity which was reversed by calcium channel blockers 
(Chugh et al, 1992) as ^^ Ca^ ^ uptake was found to be increased during diazepam 
withdrawal (Andrews etal, 1992). 
Experimental data obtained after prenatal application ofBZDs indicate that 
these drugs can cause malformations, functional deficits, behavioural disturbances, 
neurological deficits and long lasting behavioural anomalies in animals and man 
(Schroeder et al, 1995). The prenatal toxicity ofBZDs is probably due to their 
interaction with neurotransmitter systems. Post natal application of BZDs can 
bring about behavioural disturbances and neurological deficits in animals and man 
(Schroeder et al, 1995). A part of this pathology can be compensated by means 
of the functional and structural redundance as well as the tolerance (Piazza and 
Mole, 1996). 
Toxic Reactions and Side Effects 
The expected side effects of CNS depressants of drowsiness and ataxia are 
extensions ofthe pharmacological actions of these drugs. With diazepam, antianxiety 
effects can be expected at blood concentrations ofSOO to 400 ng/ml, while some 
sedative effects and psychomotor impairment begin at similar concentrations; 
gross CNS intoxication can be expected at concentrations over 900 to 1000 ng/ml 
(Morselli, 1977). A high dosage of parenteral administration can produce respiratory 
depression and hypotension (Martindale, 1993). 
A few deaths have been reported at doses greater than 700 mg of diazepam or 
chlordiazepoxide. Menstrual irregularities have been noted, and women may fail 
to ovulate while taking benzodiazepines. Diazepam has been shown to have 
carcinogenic effects in experimental animals (Andersson et al, 1981; Gin and 
Banerjee, 1996) in them vivo systems, which makes it difiicult to draw conclusions 
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about the clastogenic potential of this drug; though highly contradictory results 
have been reported for diazepam especially overdosage with the benzodiazepines 
is frequent, but serious sequelae are rare unless other drugs or ethanol are also 
taken. The striking advantage of this group of drugs is their remarkable margin of 
safety. The question of teratogenic effects of BZDs or other toxic effects on the 
fetus is controversial (Laegreid et at, 1992). BZDs depress CNS function in the 
neonate and especially in the newborn, as is the case with diazepam which crosses 
the placenta rapidly and can depress the fetus (Errkola et al, 1973). 
Biotransformation of Diazepam 
The BZDs are metabolized extensively, particularly by several different 
microsomal enzyme systems in the liver The basic metabolic pathway leading to 
diazepam elimination in humans is as follows: 
Oxidation 
DIAZEPAM ^ Nordazepam 
Hepatic cyt P450 Mixed function 
oxidase system Oxidation P450 
Oxaz^am 
Glucuronidation 
Excretion 
(Source : Skinner and Thompson, 1992). 
Because active metabolites are generated that are biotransformed more 
slowly than the parent compound, the duration of action of many BZDs bears 
little relationship to the half time of elimination of the drug that has been 
administered. For example, the half life of flurazepam in plasma is 2 to 3 
hours, but that of a major active metabolite (N-desalkyIflurazepam) is 50 hours 
or more (Rail, 1991). The major metabolite of diazepam, N-desmethyldiazepam 
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is somewhat less active than the parent drug and may behave as a partial agonist. 
Both diazepam and N-desmethyldiazepam are slowly hydroxylated to other active 
metabolites, such as oxazepam. The half life of diazepam in plasma is between 1 
and 2 days, while that of N-desmethyldiazepam is about 60 hours (Greenblat et al, 
1981). Thus, due to long half lives and conversion to active metabolites v\dth 
long durations of action, withdrawal or abstinence symptoms after prolonged use 
may not appear for a week or more after abrupt discontinuation of the drug and are 
likely to be mild (Lader, 1994; Rickels et a/, 1988). Since most drawbacks with 
the use of BZDs arise from long term use, recommendations both for insomnia 
and for anxiety disorders have stressed the importance of short term use (upto 4 
weeks for generalised anxiety and 1-2 weeks for acute insomnia) (Magrini, 1996). 
The GABA^/Benzodiazepine Receptor Complex 
GABA (y-aminobutyric acid) is the major inhibitory neurotransmitter in the 
mammalian central nervous system (CNS) and has been implicated in the etiology 
of a number of clinically important disorders, including epilepsy (Gale, 1989). 
BZDs appear to potentiate the effects of GABA (i.e. they facilitate inhibitory 
GABA neurotransmission) and other inhibitory transmitters by binding to specific 
BZD receptor sites. The activity of BZDs may involve the following sites: spinal 
cord (muscle relaxation), brain stem (anticonvulsant properties), cerebellum 
(ataxia), limbic and cortical areas (emotional behaviour). Anxiolytic effects are 
distinct from non-specific consequences of CNS depression (i.e. sedation and 
motor impairment) (Drug: facts and comparisons, 1995). GABA is localized in 
nerve terminals from which it is released in a calcium-dependent manner by 
depolarizing stimuli. Following release, GABA can interact with two, possibly 
three, subtypes of GABA receptor, namely GABA^, GABA^ and GABA ,^ 
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(Malcangio and Bowery, 1996). The GABA^ receptor is a ligand-gated CI" 
channel which consists of four subunits, a, B, y and S (Smith and Olsen, 1995). 
Activation of this receptor produces an increase in membrane CI" conductance, 
and this ejBFect can be allosterically modulated by benzodiazepines, barbiturates 
and neurosteroids (Malcangio and Bowery, 1996). Fig. 2 gives a cutaway view 
demonstrating targets for a variety of compounds that influence the receptor 
complex. Each drug interacts with a different site on the receptor complex (DeLorey 
and Olsen, 1994). The GABA-receptor is a macromolecular protein that contains 
specific binding sites at least for GABA, picrotoxin, barbiturates, BZDs and the 
anaesthetic steroids, and forms a chloride ion selective channel (Macdonald and 
Olsen, 1994) and its numerous molecular variants underlie the observed diversity 
in the properties of BZD sites (Wieland e/a/, 1992). Since neuronal tissue is a 
vulnerable site for free radical generation and receptor proteins alongwith 
membranes can be the attack sites, this aspect has also been reviewed in detail. 
V 
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Fig. 2: Structural model of the GABA /^benzodiazepine recqjtor chloride (CI') 
ionophore complex. The cut-away view demonstrates targets for a varirty 
of compounds tliat influaice die receptor complex. No specific drug receptor 
location is implied (Smith and Olsen, 1995). 
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Other Aspects 
The toxicokinetics (Ellenhorn, 1997; Roman and Krishnaniuithy, 1993), 
biotransformation (Skinner and Thompson, 1992; Magrini, 1996), mechanism of 
action (Eghbaii et al, 1997; Toki et al, 1996; Bimir et al, 1994), molecular 
pharmacology of benzodiazepine receptor (Sigel and Buhr, 1997, Kanner, 1996, 
Li et al, 1994) stimulatory effects (Narahashi, 1997; Voigt et al, 1998; Silva and 
Tomas, 1995) and other aspects related to diazepam (Zavala, 1997; Yamagishi 
and Kawaguchi, 1998) are well studied and reported. They are not discussed in 
detail in this review since the dissertation centres around diazepam and oxidative 
stress. 
Free Radical Processes and Oxidative Stress 
A free radical is any species capable of independent existence (for however 
brief a period) that contains one or more unpaired electrons (Halliwell and 
Gutteridge, 1989) which can react with other molecules by taking or giving one 
electron (Fulbert and Cals, 1992). These reactive oxygen species (ROS)maybe 
produced in the cellular environment due to many metabolic activities. Diatomic 
molecular oxygen (O )^ readily reacts to form partially reduced species, which are 
generally short-lived and highly reactive and include the superoxide anion (O^", a 
free radical), hydrogen peroxide (H^Oj) and the most reactive species, the hydroxyl 
free radical (OH). Other non-oxygen reactive species also exist such as nitric 
oxide (NO), the quinone moiety of certain xenobiotics (an exogenous 
pharmacologically, toxicologically or endocrinologically acting substance), the 
neurotoxin MPTP and the herbicide paraquat (Acworth and Bailey, 1995). OH 
radical is a highly reactive species that can attack all biological molecules, usually 
setting off free radical chain reactions (Halliwell and Gutteridge, 1989; 1995). If a 
reaction is thermodynamically feasible, its reaction rate depends primarily on the 
concentrations of the reacting partners. Thus,to evaluate effects of ROS on 
Review of Literature 10 
biomolecules, their concentrations and sites of production have to be considered 
(Gotzetal,l994). Such activated oxygen species are increasingly recognised to 
be the mediators of cell injury in many human diseases (Nicotera et al, 1992; Kakkar 
etal, 1993,1995). 
Brain is particularly vulnerable to oxidative stress due to the presence of a 
number of polyunsaturated fatty acids (PUFAs) and low antioxidant defences 
(Clemens and Panetta, 1995). Several different structures that represent interfaces 
between brain tissue and blood are able to produce superoxide anions during a 
NADPH-dependent redox cycling of various blood-borne molecules. As these 
free radicals can alter the functional properties of cell membranes, superoxide 
formation may promote damage to choroid plexus and cerebral microvessel cells, 
resulting in thedisruptionof some properties of the blood-brain and blood cere-
bro-spinal fluid barriers, possibly resulting in cerebral dysfunctions (Lagrange 
etal, 1994). 
Superoxide radical {O^') is much less reactive than OH (Panasenko et al, 
1995), but a number of biological targets can be attacked by it. Though, because 
of charge restriction, it cannot cross the membranes easily, except RBC membranes 
but in the presence of transition metal ions, it can give rise to highly reactive OH 
radical due to Fenton type (from hydrogen peroxide) or Haber-Weiss (from the 
superoxide anion) reaction (Halliwell, 1992). 
Fe^ + HjOj > Fe^ + HO" + HQ (Fenton) 
Oj -t-HjOj > Oj + HO+HO (Haber-Weiss) 
HjOj which is not a free radical, has nevertheless, a high oxidant capacity, 
via this reaction. H^Oj is able to cross biologic membranes and is capable of 
inducing cellular damages by the Fenton reaction (Delattre and Bonnefont-
Rousselot, 1998). 
Interaction of Oj" with nitric oxide (NO), a free radical produced by several 
cell types, especially phagocytes and vascular endotheUal cells, to give peroxynitrite 
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has attracted much attention in recent years (Saran et al, 1990; Huie and Padmaja, 
1993; ladecola, 1997). Peroxyl (ROO) and alkoxyl (RO) free radicals are also 
synthesized, essentially from PUFAs, either in a direct or controlled way or in an 
indirect and uncontrolled way. In the first case, these free radicals result from 
the action of oxygenases (Cyclooxygenases, lipoxygenases) and lead to the 
eicosanoid pathway. In the second case, they result from the action of OH, leading 
to the formation of ROO. This constitutes the initiation phase of hpid peroxidation 
(Delath-eand Boimefont-Rousselot, 1998). It is now accepted that free radicals, 
especially active Oj centered radicals: OH, alkoxyl and peroxyl radicals, attack 
lipids, carbohydrates, proteins and DNA to induce membrane damage, protein 
modification (Stadtman and Oliver, 1991; Shacter et al, 1994), enzyme inactivation 
(Oliver etal, 1990) and strand break (Halliwell and Aruoma, 1993) etc. which 
eventually cause a variety of pathological events including cancer and aging (Sies, 
1991; Sohal and Dubey, 1994). 
Methionyl residues in proteins are quite often the target of free radical attack 
(Vogt. 1^95). Oj" may also inactivate theNADH dehydrogenase complex of the 
mitochondrial electron transport chain (Zhang ef a/, 1990). On the whole, however, 
Oj' and HjOj have limited chemical reactivity. Interest has, therefore, focused on 
their ability to generate more reactive species, such as OH in vivo (Halliwell and 
Gutteridge, 1990; Minotti, 1993) and together with other radicals cause oxidative 
stress. 
Oxidative stress occurs when the production of free radicals overwhelms the 
body's natural antioxidant defence systems, resulting in oxidative damage of the 
cells (Sies, 1985), thereby harming that particular cell or tissue (Ryan and Aust, 
1992). Unsaturated lipids (Sohal etal, 1994), proteins (Stadtman, 1992; Jain, 1998) 
and DNA (Ames et al, 1991; Mchugh and Knowland, 1997) are the components of 
the cell that are most sensitive to oxidative damage (Fig. 3). Oxidative cell injury 
is usually accompanied by perturbationsof thiol homeostasis i.e., depletion of 
soluble thiols, mainly glutathione (GSH),and protein-bound thiols (Reed, 1990) 
[even though mitochondrial GSH pool is significantiy more resistant to depletion 
than that of cytosol (Slater et al, 1995)], peroxidation of lipids, modification of 
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proteins, cleavage of carbohydrates and oxidation and cleavage of DNA (Molyneux 
and Davies, 1995), including down-regulation of mammalian mitochondrial RNAs 
(Crawford et a/, 1997). As mitochondrial transcription is extremely sensitive to 
inliibition by peroxyl radicals, this inhibition occurs prior to detectable evidence of 
lipid peroxidation as measured by TBARS. Oxidative cell injury is also accompa-
nied by 4-HNE accumulation and oxygen consumption (Kristal et al, 1994). 
Another intriguing aspect of reactive oxygen toxicity is the ability of superoxide 
anion as well as redoxcycling xenobiotics to release iron from ferritin, thereby 
promoting the generation of OH radicals and iron-oxygen complexes (Reif, 1992). 
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Fig. 3: Possible mechanism by which free radicals can damage cellular 
components (adapted from Kdirer, 1993) 
The spectrum of pathological conditions in which the involvement of 
active oxygen species has been indicated grows broader and broader (Rodenas e/ 
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al, 1995). ESR studies have demonstrated the formation of oxygen derived free 
radicals in the brain (Zini et cd, 1992) and there is evidence of free radical induced 
lipid peroxidation following cerebral ischemia-reperftision (Floyd, 1990), 
Lipid peroxidation (LPO), is probably the most extensively studied of free 
radical related processes in biological context and the best known manifestations 
ofoxidative cell injury (Masakie/a/, 1989) as it is a process initiated and propagated 
by free radicals resulting in destruction o^the unsaturated fatty acids of membrane 
phospholipids (Farber, 1994). Slices from brain regions provide a good model 
for LPO study (Fauconneau et al, 1994) as it was found in a study that after 
hyperbaric oxygen exposure, LPO was confined to the frontal cortex and 
hippocampus, while protein oxidation (in both cytoplasmic and membranous 
fractions) and increased GSSG was evident throughout the brain (Chavko and 
Harabin, 1996). LPO can be defined as the oxidative destruction of lipids and in 
most cases refers to fatty acid oxidation (Cheeseman, 1993). The significance of 
LPO as a damaging process is tiiat (i) its most susceptible targets are the 
polyunsaturated fatty adds (PUFA) that are common in all cell membranes and 
(ii) once initiated, it is a self propagating chain reaction. 
Cell membranes represent a mixture of PUFA's,mostiy linoleic, arachidonic 
and docosahexaenoic adds containing 2,4 and 6 double bonds, respectively. Their 
respective primary fatty acyl radicals can rearrange to a number of different isomers 
yielding peroxide products from the fatty acids. Oxyradicals attack double bonds 
of unsaturated fatty adds in cell membranes in a process called membrane lipid 
peroxidation (MLP) (Fig. 4). 4-HNE might play a central role in MLP-induced 
alterations in plasma membrane and mitodiondrial protein fimctions (Mattson, 1998). 
MLP can also impair mitochondrial function (Mark et al, 199S). 
Halliwell and Chirico (1993) observed that "the detection and measurement 
of LPO is the evidence most frequentiy dted to support the involvement of free 
radical reactions in toxicology and human disease", since: 
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Fig. 4: Pathway involved in induction of membrane lipid peroxidation (MLP) and 
mechanisms whereby MLP leads to alterations in ion homeostasis and energy 
metabolism (Mattson, 1998). 
[Abbreviations: ER - endoplasmic reticulum; Ap- amyloid p-peptide; 
COX- cydooxygenases; LOX - lipoxygenases; CaM- Ca^/calmodulin kinase; 
Dqjol- dqiolarization; LTs - leukotrienes; NOS- nitric oxide synthase; PGs-
prostaglandins; PLAj- phospholipase A ;^ THRs - tliromboxanes]. 
1. It isoneofthemostlikely consequences of reactive free radical production 
in a cell since the PUFA substrates are so abundant. 
2. It is a very destructive process, being a chain reaction in nature and attacking 
the membrane structures that are essential for normal cell metabolism and 
viability. 
3. A vast amount of expertise has been developed to study LPO more so than 
has liitherto existed to study other processes. 
The extreme damaging potential of LPO makes it one of the most important 
processes in firee radical biochemistry. It is damaging directly through its effects 
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on the cell membranes and indirecdy by the production of aldehydes, &e most 
biologically active are the hydroxy alkoials and the most important member of tiiis 
class is 4-hydroxynonenal (4HNE) as it has potent biological activity (Schaur et al, 
1991). Destruction of membranes leads to the inactivation of membrane bound 
en2ymes and the loss of decompartmentalisation that is essential for ordered cell 
metabolism. Clearly, uncontrolled LPO could represent a catastrophic occurrence 
for a cell. Ofall the effects of LPO, possibly the ultimate lethal event is the loss of 
calcium homeostasis due to destruction of membranes and inactivation of ion pumps 
(Kakkar et dl, 1995), and Ca^ buffering capacity of mitochondria and endoplasmic 
reticulimi plays an important role in it. 
Mitochondria and Oxidative Stress 
Mitochondria being the main locus of oxidative metabolism facilitate reactive 
oxygen species (ROS) generation. Under drastic conditions, the formation of ROS 
can be elevated and remain unquenched and possible mitochondrial damage may 
occur (McCabe and Pounds, 1997). Free radicals are formed during the 
mitochondrial electron transport (Paraidathathu ef a/,1992) and the rate ofO~-
formation is proportional to mitochondrial oxygen utilization. Considerable amounts 
of Oj*- are produced v\^en the electron flow is inhibited by antimycin or rotenone 
(Emster et al, 1992). Endogenous, or exogenous inhibitors of the mitochondrial 
electron transfer chain could cause a continuous chronic oxidative stress to 
mitochondria, finally leading to cell death. Thus, it seems reasonable to assume 
that a decrease in en2ymic activity in the electron transfer chain, due to a 
decreased formation of enzymes or due to inhibitors, probably results in a chronic 
decrease in ATP levels and an increase in O^ formation. (Gotz et al, 1994). 
Mammalian mitochondria are highly sensitive targets of the cytotoxic effects of 
superoxide (O^) and nitric oxide (NO*). In turn, when O^ "- and NO* are 
simultaneously produced, they n^idly react with each other to yield the highly 
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oxidizing peroxynitrite anion (ONOO") which may also be toxic to mammalian 
mitochondria (Kadi etal, 1994). Peroxynitrite is a highly toxic species capable 
of damaging protein, lipid and nucleic acid molecules (ladecola, 1997). This 
assumes significance in the light ofthe fact that nitric oxide is a highly versatile 
molecule and acts as a retromessenger (Ignarro, 1996). 
While mitochondria are an important cellular source of O^  radicals (Radi 
ci a/, 1993), they also represent a preferred intracellular target of free radical 
attack. Increased mitochondrial free radical production is observed under 
diverse pathological conditions and is associated with impairment of mitochondrial 
structure and functions wiiich results in mitochondrial swelling, inhibition of 
respiration, lipid peroxidation, depletion of mitochondrial antioxidants and 
dissipation of Ca^ gradients (Zhang ef a/, 1990; Mehrotrae/a/, 1991, 1993; 
Kakkare/a/, 1996). 
Though the mitochondria are cellular organelles where the generation of 
ROS may be high, they are, however, effectively protected by their high capacities 
ofantioxidative systems as enzymes and either water or lipid soluble low molecular 
weight antioxidants. These antioxidative defences can be effectively regenerated 
after or during an oxidative stress as long as the mitochondria are in an energized 
state (Augustin et al, 1997). The delicate balance between pro/antioxidative activities 
can be shifted towards oxidation, ifprooxidants were added experimentally. After 
exhaustion of the antioxidative defences, damages of mitochondrial functions 
become expressed followed by membrane injuries along with the oxidative 
degradation of mitochondrial lipids and proteins leading finally to the total 
degradation ofthe mitochondria (Castilho et aJ, 1994). 
Mitochondria and Ca^ ^ Homeostasis 
Apart from the well established role in bioenergetics and specific metabolic 
reactions, mitochondria have been recently implicated in ion regulation and 
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cellular signal transduction (Miller, 1998). Several reports indicate that the inhibition 
of the mitochondrial respiratory chain may be caused by the uptake of calcium 
(Vlessis and Mela Riker, 1989). Mtochondria have been shown to accumulate 
calcium electrogenically, using the H^ gradient for this purpose instead of producing 
ATP, even in the presence of ADR Calcium oveiload of mitochondria may activate 
phospholipases or proteases, either of which may cause uncoupling and inhibition 
of respiration. Ca^ entry into the mitochondrial matrix occurs viaaCa^-permeable 
"uniporter" (presumably a channel) in the inner mitochondrial membrane (NTicholls 
and Akerman, 1982; Mller, 1991). Normally respiring mitochondria pump protons 
out of the mitochondrial matrix, resulting in a potential of about -150 mV to -200 
mV across their inner membrane. Thus, when Ca^ increases in die cytoplasm, it 
can enter the matrix down a steep electrochemical gradient (Hajnoczky et aJ, 
1995). However, recent reports have also started to show that the mitochondria are 
not always on the receiving end of cytoplasmic Ca^ signals and that they might 
be in a position to participate actively in them as well. One reason for this is that 
following a period of intense cellular activity Ca^ is accumulated by mitochondria, 
and this Ca^ has to leave again following cessation of the stimulus (Miller, 1991; 
Thayer and Miller, 1990). Until recently, the major route of Ca^ egress from the 
mitochondrial matrix had been considered to be a NaVCa^ exchange system in the 
inner mitochondrial membrane that probably exchanges two Na^ for each Ca^ 
(Miller, 1991). This route of Ca^ efflux is rather slow and easily saturated. Thus, 
if Ca^ influx is relatively fast and extensive, Ca^ * will accumulate in the matrix. 
Accumulated Ca^ leaving the matrix will have the effect of buffering the 
cytoplasmic Ca^ concentration at relatively high levels until all the Ca^ has exited, 
thus increasing the length of the cytoplasmic Ca^ signal far beyond the cessation 
of the original stimulus, hi effect, the mitochondria can act as a sort of Ca^ signalling 
memory storage device. The importance of this for syn^tic function has been 
recentiy demonstrated by Tang and Zucker (1997). 
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Although the role of Na*"/Ca^  exchange in mitochondrial function has been 
explored for many years, another route of Ca^ release is presently causing a great 
deal of excitement Indeed with the aid of this novel pathway mitochondria can 
behave as excitable organelles (Ichas et aJ, 1997). 
When Ca^ is added to a mediimi containing isolated mitochondria, it is 
r^idly accumulated. When a certain degree of loading is reached however, addition 
of further Ca^ leads to rapid release of accimiulated Ca^, which is followed by 
reaccumulation. Thus, the addition of Ca^ at this point produces an 'all or none' 
Ca^ * spike that is reminiscent of the Ca^-induced Ca^- release (CICR) produced 
by ryanodine receptors (intracellular Ca^ * channels with structural and functional 
similarities to inositol triphosphate receptors which are phosphorylated by Ca^-
calmodulin-dependent protein kinase U). Mitochondrial CICR might co-operate 
with inositol (l,4,5)-triphosphate [Ins(l,4,5)P3] induced Ca^ signals and help to 
amplify them and faciUtate the propagation of Ins(l,4,5)P3-dependent Ca^ * waves. 
The juxtaposition of some mitochondria to Ins(l,4,5)P3-sensitive Ca^ * stores in 
the endoplasmic reticulum might be the anatomical mechanism for such an 
interaction (Miller, 1991). The molecular mechanisms that allow mitochondria 
to behave in this way are probably through a channel in the irmer mitochondrial 
membrane called the 'mitochondrial permeability transition pore' (MPT) (Fig 5) 
(Bemardi and Petronelli, 1996; Zoratti and Szabo, 1995). The MPT is a voltage 
gated, cation permeable channel, whose opening is favoured by several factors 
including depolarization, intramatrix Ca^ ^ and oxidizing agents and v\^ose closing 
is favored by protons (that is low matrix pH) and adenine nucleotides. Ichas et al 
(1997) have provided experimental data for a possible model of mitochondrial 
functioning vsiiich suggests that Ca^ enters the mitochondrion and protons are 
pumped out, increasing the matrix pK High matrix pH facilitates MPT opening. 
This leads to a coll^se of the mitochondrial proton gradient and membrane 
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Ouler tiieinbratiG 
Intermembrane 
space 
Inner membrane 
Fig. 5: Speculative model of the mitochondrial permeability transition pore (MPT). 
[Abbreviations: ANT - adenine nucleotide; CK - creatine kinase; HK-
hexokinase; PBR- peripheral benzodiazq i^ne recqjtor, SH- sulphydryl 
groups; VDAC- voltage-depoident anion diannel. (Modified from Zamzami 
etal, 1997)]. 
potential, the outward movement of Ca^ * through the channel and acidification of 
the matrix which leads to closing of the channel. The respiratory chain now 
restores the proton gradient, and so on. In this way, transient opening of the MPT 
produces the spike like CICR. The mitochondrion is a low Ca^ affinity structure 
therefore, it is mainly a long term buffer for cellular Ca^ *. In normal cells, 
mitochondria must be regarded more as organelles that control their own internal 
Ca^ than as organelles that play a major role in cytosoUc Ca^ homeostasis. Though 
it is also a fact that mitochondria can store very large amounts of Ca^ in the 
matrix without essential variations in its ionic concentration due to the simultaneous 
accumulation of phosphate and to the precipitation of insoluble calcium phosphate 
deposits (Carafoli, 1988), the sequestration of large amounts of calcium by 
mitochondria is driven by membrane potential. Recent studies of this process have 
led to the proposal that mitochondria may be a major regulator of cytosolic 
concentrations of calcium under pathological conditions (Richter and Kass, 1991). 
Storage sites for calcium in mitochondrial membranes apparently can maintain 
extra mitochondrial calcium at levels only 5 to 10 times higher than the normal 
cytosolic levels. It appears that under normal physiological conditions these 
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sites are responsible solely for regulating intramitochondrial calcium homeostasis. 
Fig. 6 gives a diagrammatic representation of mitochondrial Ca^ ^ cycle (Reed, 
1994). Depicted are the mechanisms by which the redox state of mitochondria 
[NAD(P)H/NAD(P)] can affect the uptake and efflux of Ca^ * ADP-ribosylation. 
Also indicated is the possibility of Ca^ cycling and the site at which ruthenium 
red and La'^  block Ca^ uptake. 
Rutheniunn red and La^^ 
§ 
Fig. 6: Diagrammatic representation of mitochondrial Ca^ cycle (Reed, 1994). 
The depletion of soluble and protein thiols and disruption of mitochondrial 
calcium homeostasis due to a variety of toxicants has been implied due to a 
decrease in the activity of calcium AlP-ase in plasma membranes secondary to 
oxidation of secondary thiols in the protein or by fonnation of covalent adducts 
(Reed, 1994). 
Mitochondria and Neurodegenerative Conditions 
One ofthe major ways in which mitochondria appear to participate in cellular 
pathology is through activation of MPT (Miller, 1998). As discussed earlier, 
when the channel opens transientiy it can mediate normal signalling events. 
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However, opening of the MPT in the high conductance mode appears to be 
irreversible and has some profound consequences for cell function. For example, 
MPT activation ofthis type is associated with osmotic changes and mitochondrial 
swelling. The mitochondrial cristae straighten out and as the inner membrane is 
larger than the outer, this leads to rupturing of the outer membrane and release 
of a miasma of destructive molecules from the intermembrane space into the 
cytoplasm. Included in these are apoptosis inducing factor (AIF) and strangely, 
cytochrome C (Kroemer et aJ, 1997; Zamzami et al, 1997). The movement of both 
these molecules from the mitochondria into the cytoplasm appears to be an early 
event in the triggering of cell death in many instances. 
The switching over of the reversible low conductance mode of MPT operation 
(associated with normal Ca^ ^ signaling) to the irreversible, high conductance 
state associated with cell death might be due to the propensity of the mitochondria 
to leak reactive oxygen species (ROS) (Bindokas et al, 1996). As discussed 
earlier, mitochondrial electron transport chain constantiy leaks superoxide and 
hydroxyl free radicals, primarily from the ubiquinone site (Johnson et al, 1986). 
Among other things these ROS are powerful activators of the MPT (Chen et al, 
1997). Thus, the MPT seems to play a central role in neuropathology and there is 
also a likelihood that drugs that inhibit it might be neuroprotective. There are 
several important clues provided by pharmacological studies of the MPT regarding 
its structure. It is thought that it might be a multiprotein complex that is located 
at contact sites where the inner and outer mitochondrial membranes come into 
close juxtaposition to one another (Zamzami et al, 1997). In particular, it is 
thought that the inner membrane adenine nucleotide translocator might be part of 
the complex. Drugs that bind to the translocator are also powerfrd regulators. In 
addition other molecules including the mitochondrial peripheral benzodiazepine 
binding protein and mitochondrial cyclophilin might also participate in the MPT 
complex. 
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Mitochondrial dysfunction defects in energy metabolism and excitotoxidty 
might be involved in neurodegeneration in Alzheimer's disease. Effective buffering 
of cytosolic calcium is critical to neuronal survival because elevated cytosolic 
calciimi would stimulate glutamate release, resulting in activation of N-
methyl-D-Aspartate (NMDA) receptors, which in turn would result in massive 
Ca^ * influx and cell damage and death (Luo et aJ, 1997). A reduction ofCa^^ 
storage in mitochondria has been detected in old rats (Martinez-Serrano et al, 1992). 
Mitochondria as Test Systems in Toxicology 
The effects of many toxic agents on cells are mediated via damage to one or 
more of the subcellular compartments. Specific organelles may become damaged 
by toxic agents, when they perform a primary role in the metabolism of a particular 
toxicant, when a toxicant is stored intracellularly, or as a result of an inherent 
sensitivity of some essential biochemical pathways in the organelle to perturbation 
(Fowiere/a/, 1994). In terms of understanding the mechanisms of cellular toxicity, 
it is clear that evaluation oforganelles as basic units of subcellular function may 
provide useful insights into the basis of toxicant action. 
Mitochondria are essential organelles that play an important role in cell 
metaboUsm by mediating a number of metabolic functions (Fig. 7). Enzymes 
involved in ener©^ production, carbohydrate metabolism, heme biosynthesis and 
the urea cycle are localized within specific subcompartments such as the outer and 
inner membranes and matrix. 
In terms of the effects of toxicants on this organelle, it is important to 
understand the relationship between particular metaboUc functions and the physical 
integrity of the mitochondrion as a structure, because frequently in vivo 
biochemical perturbations result direcdy fi'om structural damage. 
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Ribosomes 
Inner membrane 
Outer membrane 
Fig. 7: Structure of mitochondrion. 
Mitochondrial protein synthesis studies are essential for determining whether 
changes in the specific activities of mitochondrial marker enzymes following 
in vivo chemical exposure are the result of a direct chemical enzyme interaction, a 
change in the synthesis of that enzyme, or both. Fowler et dl (1994) found these 
studies of value for interpreting the results of morphological as well as other 
biochemical studies such as specific activities of the mitochondrial marker enzymes, 
monoamine oxidase, cytochrome oxidase and Mg^ * ATPase (Fowler and Woods, 
1977; Fowler era/, 1979). 
The technique offoUowing mitochondrial swelling and contraction is based 
on the increased optical density of mitochondria in a contracted state and decreased 
density in a swollen or orthodox configuration due to cation influx. This gives 
useful functional tests ofmitochondrial membrane integrity following mv/vo or in 
vitro exposure to a chemical agent (Matlib and Srere, 1976; Fowler et al, 1979; 
Mehrotra e/a/, 1993). 
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Free Radical Mechanisms of Neurotoxicity 
One of the most exciting areas of contemporary research is the involvement 
of free radicals in neurodegenerative diseases (Fig. 8). Many literature reports 
and previous detailed studies from this laboratory (Awasthi etal, 1989; Kakkar et 
a/, 1991,1992; Viswanathan etal, 1995,1996) indicate the involvement of oxidative 
stress in toxicity as well as several neurological conditions. The emphasis in this 
dissertation is on the response of mitochondria in such conditions. Although the 
brain is an extremely active organ-consiuning >20% of total oxygen intake - it is 
probably the least protected from ROS. It has a high concentration of PUFAs, a 
large iron store, low metal binding capacity, low antioxidant capacity and is 
incapable of neuronal regeneration (Acworth and Bailey, 1995). Oxidative stress 
has been found to lead to an increase in the levels of protein carbonyls in brain 
(Oliver ef a/, 1990) and protein oxidation is particularly relevant to neurological 
dysfimction because nerve cells do not divide and proteins play critical roles in 
their function. Thus, protein oxidation and loss of activity could contribute to the 
degeneration of nervous tissue (Stadtman and Berlett, 1997). Whether protein 
oxidation is responsible for neurological death or not, it is correlated to the process, 
so it constitutes an excellent biomarker of oxidative stress in cells (Mamett, 
1997). As one of the hallmarks of Alzheimer's disease is the presence of senile 
plaques containing aggregates of P-amyloid protein which leads to oxygen radical 
generation playing a causative role in neurological toxicity (Sayre et aJ, 1993; 
Smith et al, 1995). However, Hensley et al (1994) suggest that a range of radicals 
may mediate neurological pathology. Nitric oxide and its derivative, peroxynitrite 
have been shown recentiy (Eiserich et al, 1998) to play a role in stroke and 
inflammatory disorders. 
Due to the fact that brain contains a large amount of unsaturated fatty adds 
and catecholamines which are the target molecules of free-radical induced 
peroxidation, such oxidation plays an important role in the pathogenesis of cerebral 
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diseases such as Parkinson's disease (Dutliie et al, 1994) dementia, brain 
ischemia, trauma, epilepsy and schizophrenia etc (Mori, 1993; Simonian and 
Coyle, 1996). 
NMOA 
Receptor 
AMPA/KA 
Receptor 
Na+ Ca++ Na+ Ca++ 
Voltage-gated 
Calcium Channels 
Ca++ 
Necrosis 
Altered 
' • proteolysis 
Apoptosis 
Fig. 8: Intracellular pathways that contribute to oxidative stress in neurons (Simonian 
and Coyle, 1996). 
[Abbreviations: PLA -^ phospholipase A ;^ PLs - phospholipids; AA-
aradiidonic acid; CaMK - calcium and calmodulin-d^endent protein kinase; 
NOS - nitric oxide synthase; Aig- arginine; NO- nitric oxide]. 
Oxidative stress miglit represent a mechanism of neurotoxicity of a number of 
environmental neurotoxicants (Pinsky and Bose, 1988) which might be relevant in 
the etiology of certain neurodegenerative diseases. The finding that most neuronal 
Review of Literature 26 
cell bodies do not contain appreciable amounts of GSH indicates &at other 
mechanisms must exist in neurons for preventing oxidative damage to their 
cytoplasmic constituents (Philbert et aJ, 1991). 
A "final common pathway" to characterize and unify the cellular responses 
to xenobiotic neurotoxic agents has been proposed to involve enhanced fi-ee 
radical mediated oxidative stress a membrane (fysfunction and elevation in cytosolic 
calcium (Kakkar et al, 1995). Free radical generation by cytochrome P450, the 
xenobiotic drug metabolising enzyme system, may also contribute to oxidative 
stress within the brain (Cheeseman and Slater, 1993). 
The limited advancement in the knov\4edge of the biochemical changes 
occurring in humans exposed to environmental and occupational toxicants is due 
to the complexity of the nervous system and its distinctive peculiarities together 
with problems associated with the determination of the precise target for neurotoxic 
action (Anger, 1990). 
Cellular Antioxidant Defences 
In addition to the continuous production of fi:ee radicals, our body possesses 
several defence systems that are constituted by enzymes and radical scavengers 
(Sies, 1991; Fulbert and Cals, 1992). These latter ones are easily oxidisable 
compounds, which are present either in the cytosol (e.g. ascorbic acid and 
glutathione) or in membranes (a-tocopherol). Table 1 siuns up these defence 
systems and their protection mechanisms. 
The relative importance of these as protective agents depends on v^ch 
ROS is generated, how it is generated and vAiat target of damage is measured 
(Halliwell and Gutteridge, 1995). These defence systems, called "first line defence 
systems" are not totally efficient, since almost all cell components undergo firee 
radical damages (Delattre and Bonnefont-Rousselot, 1998). Therefore, "second 
line defence systems" are involved. They are constituted of repair systems for 
biomolecules that have been damaged by radical attacks (Davies, 1991). 
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Table 1 
Free radicals and defence systems. 
Free radicals or proozidaiits Defence systems 
Oj" (superoxide anion) Superoxide dismutases (SOD) 
Mn-SOD 
Cu/Zn-SOD 
•OH (hydroxy! radical) Vitamin C, Glutathione 
Taurin, Uric acid 
ROO* (peroxy radical) Tocopherols 
Ubiquinone 
^Oj (singlet oxygen) Carotenoids 
HjOj (hydrogen peroxide) Catalase 
Se glutathione peroxidase (GPx) 
Glutathione-reductase (GR) 
ROO (hydroperoxides) Se glutathione peroxidase (GPx) 
Glutathione-reductase (GR) 
Transition metals (Fe^,Cu^) Chdators 
Vroegop et al (1995) showed in a cell culture system that upto a certain 
limit, the cells are able to control the damage with glutathione, catalase, SOD, or 
other antioxidant mechanisms. However, once a threshold of damage or rate of 
damage is exceeded, the cellular defences are overwhelmed and even a slight 
additional insult results in severe cellular injury. The results led to two important 
and related conclusions: (a) there is a specificity to the location of damage produced 
in cells by particular ROS. (b) it is unlikely that a single protective agent will be 
able to protect fi-om all the toxic species that may be generated near cells. Thus, it 
is important that a number of antioxidant defence systems be present in the cell. 
Therefore, all cells have a battery of antioxidant enzymes vsdiich are necessary for 
the survival of the cell even in normal conditions and they act in a cooperative or 
synergistic way to ensure a global cell protection (Michiels et al, 1994). 
Halliwell and Gutteridge (1995) define an antioxidant as "any substance 
that, \s4ien present at low concentrations compared to those of an oxidisable 
substrate, significantly delays or prevents oxidation of diat substrate". This 
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definition onphasizes the importance of the source of stress and the target (oxidisable 
substrate) measured. 
Variations in the levels of antioxidants leads to differential tissue responses 
to oxidative stress. It has been reported that the rat brain possesses a relatively 
weak antioxidant defence system (Benzi et a/, 1989). In spite of its high O^  consump-
tion, the brain curiously contains less active SOD,catalase and peroxidases than 
other enzymes (Choi and Yu,1995). Lopez-Torres et al (1993) showed that catalase 
depletion led to very strong tissue-specific and time-dependent reactive increases 
of SOD, GR, GSH, and ascorbate. These inductions can explain the very good 
tolerance to catalase depletion. 
The induction of SOD,GR,GSH,and ascorbate can help to control OH* 
indirectly (due to Oj"* scavenging by SOD or reduction of GSH back to GSSG by 
GR) or directly (GSH and ascorbate) even in the presence of high H^ O^  content. 
Antioxidant systems are known markers of aging and according to the firee 
radical theory of aging, it would be logical that the activity of the antioxidant 
enzymes would be altered in aging cells (Sohal, 1993). Aejmelaeuse/a/(1997) 
in their study highlight the presence of unidentified antioxidants that are 
involved in the total peroxyl radical scavenging antioxidant capacity (TRAP) of 
human plasma. Induction of endogenous antioxidants has been observed at the 
gene level in bacteria (Storz et al,\99G), Neurospora (Munkres,1990),and even 
in human cells (Rushmore et a/,1991) in response to HjO^ or Oj"*. 
Superoxide dismutase [SOD EC. 1.15.1.1] keeps turning up as a possible 
critical factor in regulating the rate of aging and/or disease incidence (Warner, 
1994). SOD activity was discovered by McCord and Fridovich in 1969. 
O^ - + Of+2H+ >YLp^ +0^  
Three distinct isoenzymes have been described with the same kinetic 
properties: one containing iron in its active site found in prokaryotes, one with 
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manganese (Mn-SOD) in prokaryotes and eukaryotic mitochondria, and one witii 
copper and zinc (Cu/Zn-SOD) in the cytoplasm of eukaryotic cells (Fridovich, 
1985). This enzyme seems to be the first line of defence against oxygen derived 
free radicals and can be rapidly induced in some conditions vAiea cells or organisms 
are exposed to an oxidative stress (Coursin etal, 1985). SOD is known to scavenge 
O^in vzTro.; however, the precise m vzvo role of this enzyme other than 
scavenging of Oj"* is unclear and has been the subject of much debate (Culotta et 
al, 1993). 
Role of Cu/Zn-SOD has been studied in a number of pathological conditions 
and mutations in Cu/Zn-SOD gene has been shown to be associated with familial 
amyotrophic lateral sclerosis, a chronic neurodegenerative condition (Rosen era/, 
1993). 
Mn and Fe-SODs possess the same enzymatic activity as the Cu/Zn-SOD, 
yet they are clearly different being larger in size (40,000 MW) and lacking the 
unusual stability of the Cu/Zn-SODs. All Mn and Fe dismutases show a Mgh 
degree of homology but the copper-zinc enzyme appears to be evolutionarily 
imrelated (Harris and Steinman, 1977). Both die Mn and Fe-SODs are present in 
the matrix space of mitochondria (Britton and Fridovich, 1977). 
Binding ofMn-SOD to DNA demonstrated by Steinman and Weinstein (1993) 
has important implications that SODs may have biological "activities" other than 
superoxide dismutatioa They also surest that localization near taigets ofoxyradical 
stress may enhance the effectiveness of SODs in preventing oxyradical damage to 
those targets. Mn-SOD has been reported to be more effective than Fe-SOD in 
preventing oxyradical damage to DNA in vivo (Hopkin et al, 1992). Mn-SOD but 
not Cu/Zn-SOD has been found to be susceptible to modification by methyl mercury 
(MMC)in mouse brain and the resulting alteration in structure appears to cause a 
loss of enzyme activities (Shinyashiki et al, 1996). The catalytic properties of 
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human Mn-SOD are qualitatively amilar to those reported for Mn-SOD of TTierwus 
thermophiJus (Bvl\ etaJ, 1991). MMC poisoning has been reported to contribute 
to the induction of oxidative stress in mouse brain following suppression of 
antioxidant activity, including that of SOD and glutathione, together with 
disturbances in the mitochondrial electron transfer chain (Yee and Choi, 1994). 
Multiple missense mutations in the cytosolic Cu/Zn-SOD (SOD-1) have 
been identified in a subset of families with familial amyotrophic lateral sclerosis 
(FALS) (Rosen etal, 1993). Reduced SOD activity has been reported in red blood 
cells, lymphoblastoid cell lines and brain tissue fi-om many individuals with 
these mutations (Robberecht et al, 1994). However, several lines of evidence now 
suggest that motor neuron degeneration in at least some of the FALS patients with 
SOD-1 mutations results fi'om a gain of function rather than from a loss of SOD-1 
activity alone (Simonian and Coyle, 1996; Brown, 1995). During action of oxidants 
on SOD, its structure is strongly changed and new molecular forms appear which 
possess the catalytic activity. -SH groups of SOD are easily oxidized during 
action of oxidants but its oxidation does not accompany the loss of functional 
activity. Thus, in contrast to oxidation of NH-groups, oxidation of -SH groups 
have the positive effect because -SH groups actively react with oxidants and play 
the role of "false" target for oxidants (Sharonov and Churilova, 1993). Human 
recombinant Mn-SOD was shown to be superior to Cu/Zn-SOD in efficacy in 
preclinical models. This property can be attributed to its longer biological half-life 
(Nimrod et al, 1994). 
SOD activity appears as tiie best ad^ted cellular parameter for early detection 
of fi-ee radical toxicity as observed in Hep 3B cells exposed to lindane, a known 
inducer of fi-ee radical production (Descampiaux et al, 1996). In a variety of 
mammalian cells and tissues, Nfo-SOD is a highly inducible enzyme responding 
to a variety of stimuli, including HjO^ in some cell types. In contrast, Cu/Zn-SOD 
Review of Literature 31 
appears to be constitutively expressed at higher levels and is considerably less 
inducible than Mn SOD in mammals (Visner et al, 1990). White and Nguyen 
(1993) demonstrated that the expression of Mn-SOD in vivo was not affected by 
overexpression of the Cu/Zn-SOD and, therefore, the two en2ymes are probably 
regulated independendy. Diminution or elimination of SOD will increase soisitivity 
of cells to oxygen and to compounds which can divert univalent e* flow to oxygen; 
however, elevation of SOD above wild type levels should therefore, not be expected 
to provide complete protection against overproduction of O '^ (Fridovich, 1993). 
SOD also exerts part of its antioxidant protection by inhibiting the formation of 
the cytotoxic ONOO". The dismutation product of O "^, H^O ,^ is less reactive 
than ONOO* and can be metabolized by specific enzymatic systems. 
Catalase [CAT; EC 1.11.1.6J is one of the oldest known antioxidant 
enzyme. It catalyzes the reaction: 
ZHjOj > 2tip + Oj 
Most aerobic cells contain this enzyme. In animals, CAT is present in all 
major body organs. The brain, heart and skeletal muscles contain only low amounts 
of catalase, although the activity does vary between muscles and even among 
different regions of the same muscle (Marldund et al, 1982). It is especially 
concaitrated in UVCT and erythrocytes. At the subcellular level, CAT is found mostly 
in peroxisomes (80%) and cytosol (20%) (Zaman and Pardini, 1996). 
Glutathione peroxidase [GPx; EC 1.11.1.9] decomposes H^O^ to H^ O by 
the following reaction, 
HjOj +RHj > 2H2O + R 
at the expense of reducing equivalents fi'om GSH. GPx is located in both the 
cytosolic and mitochondrial compartments. Once GSH is oxidized to GSSG, it is 
reduced back by the action of NADPH-dependent glutathione reductase. Sixty to 
seventy five percent of this enzyme activity is found in the cytoplasm of eokaiyotic 
cells and 25-40% in the mitochondria (Zakowski et al, 1978). Intracellular 
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detoxification of H^Oj by the GSH-GPx cycle plays a critical role in resistance 
against oxidative stress produced by xenobiotics (Doroshow, 1995). GPx needs 
reduced glutathione (GSH) to detoxify peroxides. A high concentration of reduced 
GSH (0.5-10xlO-'M) is maintained within the cell (Kosower and Kosower, 1983). 
Glutathione reductase [GR; EC.1.6.4.2] reduces oxidized GSSG back to 
GSH by the reaction shown in Fig. 9. 
Glutathione 
Peroxidase 
ROOH — : P = - =:::—" ROH + HJO 
GSH GSSG 
Glutathione 
Reductase 
NADP* NADPH 
G6P 
Dehydrogenase ^  
Glucose-6-P04 6-phospho-gluconic acid 
Fig. 9: Glutathione reductase (GR) sequaitial attack on toxic oxygen products (Zatnan and Pardini, 1996). 
GR Utilizes NADPH to reduce GSSG (Deshpande et al, 1996). NADPH is 
regenerated fi"om the reaction catalyzed by gIucose-6-phosphate dehydrogenase 
(G6PDH) in the hexose monophosphate shunt (Halliwell and Gutteridge, 1989), 
The Se-independent form of GPx is glutathione-S-transferase (GST), which has 
relatively low activity towards lipid hydroperoxides and none at all towards 
HjOj. Therefore, GST, GR and G6PDH are secondary antioxidant enzymes that 
help in the detoxification of active oxygen species by decreasing lipid peroxides 
or by maintaining the activity of the primary antioxidant enzymes (Sugiyama, 1994). 
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Primary and secondary antioxidant enzyme systrans. 
Glucose-6-Phosphate dehydrogenase [G6PDH; EC.1.1.1.49] is an important 
enzyme in the intracellular synthesis of NADPH. Thus, a decreased ability to generate 
NADPH gives rise to low RBC NADPH level (Tsaief al, 1996). G6PDH deficient 
RBCs are more susceptible to radical induced cell damage than normal RBCs. 
Non-enzymatic Antioxidants 
Small molecular antioxidants include non-protein -SH (NP-SH) such as 
GSH, N-acetyl cysteine and thiols, vitamins C, A and E, metallothionein and 
other metal chelating proteins (Hochstein and Atallah, 1988). While the major 
source of antioxidant capacity within cells lies with GSH and ascorbate, these 
water-soluble compounds cannot directly act to protect membranes from oxidative 
stress. The presence of a sufficient amount of lipid soluble vitamins such as a-
tocopherol and P-carotene is essential. Thus, the dietary intake of lipid soluble 
vitamins is a critical element in the maintenance of antioxidant defence processes 
(LeBel and Bondy, 1991). 
Glutathione (GSH) a tripeptide composed of L-glutamate, L-cysteine and 
glycine is considered to be the most prevalent and important intra cellular non-
protein thiol/sulfhydryl compound in mammalian cells (Wu et al, 1994). The 
nucleophile GSH conjugates the electrophilic xenobiotics (R) in the following type 
of reaction: 
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R + GSH > R-S-G + H* 
catalysed by glutathione-S-transferases which are present in high amounts in 
liver and cytosol and in lower amounts in other tissues. If the potentially toxic 
xenobiotics were not conjugated to GSH, they would be free to combine covalently 
witii DNA, RNA or cell protein and could thus lead to serious cell damage. GSH is 
therefore, an important defence mechanism against certain drugs and carcinogens 
(Murray, 1996); it occurs at higher levels in astrocytes than in neurons (Lowndes 
etal, 1994; Thorbume and Juurlinke, 1996). 
A crucial role for GSH is as free radical scavenger, particularly effective 
against the OH radical. There are no known enzymatic defences against this 
species of radical. The ability of GSH to non-enzymatically scavenge both singlet 
oxygen and OH (Coyle and Puttfarcken, 1993) provides a first line of antioxidant 
defence. The ratio of GSSG/GSH serves as a sensitive index of oxidative stress 
(Toborek and Hennig, 1994). Fig. 10 shows relationship of reduced GSH to oxidized 
(GSSG) glutathione (Bains and Shaw, 1997). 
GSH peroxidase 
GSH ^ GSSG 
GSSG reductase 
NADF NADPH, H+ 
Fig. 10: Oxidation-reduction pathway: relationship of reduced GSH to oxidized 
(GSSG) glutathione. 
Thiol oxidation has been related to disturbances of Ca^ homeostasis by 
several hepatotoxins eg., acetaminophen (Moore etal 1985) etc. The underlying 
mechanisms were supposed to be inactivation of Ca^*-translocating ATPases as 
well as inhibition of mitochondrial Ca^ sequestration (Kass et aJ, 1992), either by 
Review of Literature 35 
modification of specific protein thiols or by an imbalance of the mitochondrial 
glutatiiione redox system. Nahagawa et a/(l 992) showed that protein thiol oxidation 
starts early in cellular injury. 
In addition to such antioxidative actions, GSH is involved in a number of 
other essential tasks including DNA synthesis and repair, protein synthesis, amino 
acid transport, enhancement of immune fimction, and aizyme activation (Lomaestro 
and Malone, 1995). Roles specific to the nervous system appear to include 
actions as a redox modulator of some inotropic receptor currents (Ogita et al, 
1995) and as a potential neurotransmitter (Pasqualotto et al, 1997). 
Due to such multiple roles in normal tissues, there is a considerable potential 
for alterations in GSH to be causally associated with disease and aging (Bains 
and Shaw, 1997). The traditional role of GSH is that of fi-ee radical scavenger. 
Oxidative stress arising fi"om fi-ee radical formation can affect the ratio of GSH/ 
GSSGofthe cell as GSH is depleted to combat such radicals. A strong evidence of 
GSH depletion causing nerve cell death comes from cell culture studies by Li et al 
(1997). They showed that a decrease in GSH triggers the activation of 
neuronal 12-lipoxygenase (12-LOx) which leads to the production of peroxides, 
the influx of Ca^ * and ultimately cell death. Peuchen et al (1997) concluded that 
astrocytes in the CNS counteract oxidative stress due to tiieir higher content of 
GSH as compared to neurons and alterations in GSH status may be deleterious to 
normal neuronal fimction. Fig. 11 shows a proposed GSH depletion model for 
neurodegenerative disorders (Bains and Shaw, 1997). 
Approximately 90% of total cellular glutathione is localized in the cytosolic 
fraction, the rest being compartmentalized within mitochondria (Reed, 1990). 
The mitochondrial pool of GSH is likely to be involved in maintaining intra 
mitochondrial protein thiols in a reduced state which are essential for a number 
of fimctions, a key one being the regulation of selective membrane permeability to 
Ca^. A clear example of the relationship between glutathione status, oxidative 
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Fig. 11: Proposed GSH-dq>letion modd for neurod^enerative 
disorders (Bains and Shaw, 1997). 
Stress, mitochondrial damage and neuronal dysfunction/death due to excess free 
Ca^ is shown by the effects of excessive production of H^O^ within mitochondria 
leading to depletion of mitochondrial GSH, in turn causing the oxidation of protein 
thiols and impairment of mitochondrial function. This relationship may have relevant 
implications in terms of the degeneration of dopaminergic neurons. Monoamine 
oxidase acts on monoamines including dopamine producing H^O^ within 
mitochondria which may lead to a decrease in mitochondrial GSH (Sandri et al, 
1990). Glutathione has a neuroprotective role in NO mediated mitochondrial damage 
(Bolanos et al, 1996). 
Thus, it is clear that the loss of GSH may cause mitochondrial damage 
(Heales et al, 1995) and it is likely that the converse situation is also true. As 
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GSH synthesis requires ATP, a deficiency of energy supplied by mitochondria is 
likely to affect the cellular turnover of GSH (Mithofer et al, 1992). These reports 
lend further support to the hypothesis that the oxidative stress and neuronal damage 
observed in the substantia nigra of patients with Parkinson's disease could be 
caused by a mitochondrial defect in GSH (Bains and Shaw, 1997). Changes in 
GSH status due to decreased synthesis or increased degradation could lead to a 
failure to combat fi-ee radical formation. Similarly, increased GSH degradation 
could increase the concentration of fi-ee glutamate (Coyle and Puttfarcken, 1993). 
Further, in human erythrocytes, ascorbate regeneration fi-om dehydroascorbate is 
largely GSH-dependent, and occurs through either enzymatic or non-enzymatic 
reactions not involving the monoascorbyl fi-ee radical (May et al, 1996). 
p-carotene has been identified as a sacrificial inhibitor of the propagation 
stage of lipid peroxidation(LPO) as it is a quencher of singlet oxygen. Thus, it 
prevents formation of hydroperoxide and interferes with LPO, but at higher oxygen 
pressures, |3-carotene may become prooxidant (Burton and Ingold, 1984). A 
number of studies have shown the beneficial effects of 3-carotene and other 
carotenoids in disease conditions. Lutein and zeaxanthine have been shown to be 
critical in age related macular degeneration (Mares-Perlman et al, 1995). Serum 
levels of total carotenoids, a-carotene and p-carotene have been shown to be 
lower in some cancer patients than in controls (Batieha et al, 1993; Helzlsouer et 
al, 1996; Negri et al, 1996). In a recent study, diet rich in p-carotene was shown 
to be well absorbed in blood and skin and gave protection against sunburn by UV 
rays (Stahl et al, 1998). P-carotene also protects against LDL oxidation at high 
doses (Lin et al, 1998). 
Yitamin C is hydrophilic in nature and is primarily found in the cytosol, acts 
directly as an antioxidant and is an essential entity for the proper functioning of the 
various cellular defence mechanisms. It also appears to be involved in the bio^ 
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transfonnation of xenobiotics and influences the activity of several oxidizing 
and hydroxylating enzymes (Davies et aJ, 1991). Its antioxidant reactions use its 
ability to donate a single electron to the free-radical species. The products of 
such reactions are the quenched reactive species and the less reactive ascorbyl free 
radical, v\iiich can be either reduced back to ascorbic acid or oxidized to form 
dehydroascorbic acid (Bendich e/a/, 1986). 
(a) ascorbate + Fe** -complex '• > Fe** -complex + semidehydro ascorbate 
(b) 2-semiddiydroascorbate > ascorbate + ddiydroascorbate 
(c) ddiydroascorbatef 2GSH > GSSG + ascorbate 
ddiydroascorbate 
reductase 
complex reaction 
oxalic add + L-Threonic add 
Astrocytes take up vitamin C (dehydroascorbic acid) through plasma 
membrane transporters, reduce it to ascorbate and then release ascorbate to the 
extracellular fluid, where it may contribute to antioxidant defence of neurons 
(Wilson, 1997). 
Ascorbate reacts rapidly with both superoxide and peroxyl radicals and even 
more rapidly with hydroxyl radicals (HalUwell and Gutteridge, 1989). It also 
scavenges singlet oxygen and reduces thiyl radicals and protects tissues against 
LPO (Chakraborty et al, 1994), It plays a vital role in maintaining balance 
between oxidative products and the various cellular antioxidant defence mechanisms. 
It is required as a cofactor for some enzymes such as proline hydroxylase, dopamine 
P-hydroxylase etc. At low concentration it can act as a prooxidant in the presence 
of H2O2. Human eye lens has low SOD activity but high content of ascorbic add. 
Ascorbic add also effectively protects low-density Upoproteins (LDL) against 
Cu^-induced oxidation. It can regenerate a-tocopho'ol from its oxidized form at 
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the water-lipid interface in vitro. However, whether such a mechanism is operative 
in vivo remains controversial (Mathiesen et aJ, 1996). 
a-tocopherol ("N^ tamin E) is the principal component of the defence mechanism 
against free-radical mediated cellular injuries. In fact, it is the only natural 
physiological lipid-soluble antioxidant that can inhibit lipid peroxidation in cell 
membranes (K^pus, 1991). Evidence includes such in vitro observations as its 
direct reactions with and quenching of superoxide and peroxyl radical and singlet 
oxygen: 
Vit.E-OH + ROO > Vit. E-O + ROOH (H+ transfer) 
Vit.E-OH + ROO >^ Vit. E-0»* + ROO-(e-transfer) 
Vit.E-OH«+ + up > Vit. E-O + H3O+ (deprotonation) 
It is now widely recognized that a-tocopherol is located primarily in the 
membrane portion of the cell and is a part of the cells defence against oxygen 
centered radicals, a-tocopherol can function as a molecular "channel" via vsdiich 
the free radicals can leave the hydrocarbon zone of the membrane. Almost all 
enzymes that are affected by vitamin E status either are membrane bound or are 
concerned with the GSH-Px system (Catigani, 1980). Vitamin E, therefore, is 
unique in its more specific localization in membranes and the tenacity with which 
it remains in most tissues. High doses of a-tocopherol have been tried as a 
therapeutic supplement in many neurodegenerative disorders (Jama etal, 1996; 
Ebadi et al, 1996; Drachman and Leber, 1997; Dorevitch et al, 1997). As well as 
providing protection against risk to heart disease (Li et al, 1998). Dietary vitamin 
£ has been shown to increase the global antioxidant capacity of the heart and 
improve heart redox status (Rojas et aJ, 1996). Topical application of vitamin E 
has been shown to bolster the skin's antioxidant status and protect against UV 
induced damage (Lopez-Torres et al, 1998). 
All these non-enzymatic lipophilic antioxidants act syn^gistically with 
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glutathione (GSH). 
Prooxidative Processes and Ca^ ^ Deregulation in Cell Death 
All cells contain elaborate systems for the spatial and temporal regulation 
of calcium ions, diverse calcium receptors and biochemical response systems that 
are regulated by these changes in intracellular calcium. Toxicants that perturb 
the mobilization or homeostasis ofCa^ will place the regulation of these processes 
outside the normal range of physiological control. It has been documented by 
several investigators that local anaesthetics displace calcium from calcium binding 
sites and alter the functioning of different calcium regulating systems. Grant and 
Acosta Jr (1994) report that local anaesthetics have adverse effects on 
mitochondrial function and interact with cytoskeletal elements by elevating [Ca ]^^  
(intracellular calcium ion concentration) before cytotoxicity occurs and disruptions 
in calcium homeostasis may contribute to their toxicity. A disturbance of calcium 
homeostasis is thought to play a role in the cytotoxicity of a number of compounds 
(Nicotera et al, 1992a). 
A series of reports in the recent past have brought in the concept of a relation 
betwen oxidative membrane damage and Ca^ function (Fig. 12) (Kakkar et al, 
1995). Masaki et al (1989) suggest that mitochondrial damage is the biochemical 
basis of the non-peroxidative mechanisms of oxidative cell injury. Endoplasmic 
reticulum Ca^ * release/depletion dining cell injury may trigger a signalling cascade 
that causes extracellular Ca^ influx followed by CI' influx, cell swelling and 
ultimately cell death/lysis (Waters et al, 1997). A disturbance in mitochondrial 
Ca^ handling is essential for the generation of oxidative stress induced by Ca^ 
deprivation (Reed, 1994). Data from several laboratories indicate that disruption 
in the homeostasis of Ca^ and/cell thiols plays a major role in the pathogenesis 
of cell injury associated with oxidative stress caused by several toxic agents or 
pathologic states such as ischemia/reperfiision or xenobiotic poisoning (Castilho et 
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al, 1995; Reed, 1990). A possible participation of ROS and protein thiols has been 
suggested in the mechanism of mitochondrial inner membrane permeabilization by 
calcium (Valle et al, 1993). 
Xenobiotics, 
nviHanie Stimulation of phagocytic 
oxiqanis oxidative metabolism. 
Bacteria, particles, 
Immune complexes, 
complements, TNF, 
tumor promoters, 
DAG, Ca ionophores 
Program-
med cell 
death 
(microbial 
killing) 
transduction 
X C-GMP 
• A ^ 
^Protein kinase C 
Genetic expression 
Plasma membrane 
Cytosol 
Fig. 12: Oxidative stress mediated calcium der^ ulation in toxicity (Kakkarc/a/, 1995). 
In this regard, evidence has accumulated that the homeostasis of Ca^ and of 
thiols in mitochondria are closely linked either directly or through the pyridine 
nucleotides; an imbalance in one could affect the status ofthe other and diminish 
cell viability (Zweifach and Lewis, 1995). 
The role of Ca^ as an intracellular regulator of many physiological processes 
is well established. Excitable tissues show extensive depolarization mediated 
calcium entry in the cell. Neurotransmitter and neuroendocrine release processes 
depend upon this rapid flux of Ca^ (Bondy, 1989). Calcium acts as a ubiquitous 
powerful trigger of conformational change in many proteins to initiate fimctions as 
diverse as muscle contraction, secretion and neurotransmission (Clapham, 1995).In 
excitable cells like neurons, voltage activated calcium selective chaimels located 
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in the plasma membrane provide an additional, faster route for raising intracellular 
caldimi (Putney, 1990). Under steady state conditions, the cytosolic free calcium 
concentration is generally maintained at approximately 10"' M (Nicotera et al, 
1992). Similar to other neuronal types, it can be assumed that several mechanisms 
are responsible for maintenance of low internal [Ca^ *] and for its restoration after 
transient elevation i.e., cytoplasmic Ca^-binding proteins (Zhou andNeher, 1993), 
NaVCa^ exchange (Rasmussen et aJ, 1990), Ca^ ^ pump in the surface membrane 
(Benham ef a/, 1992), a Ca^ pump of internal Ca^ stores (Kostyuk et a/, 1989) 
and mitochondrial sequestration (Thayer and Miller, 1990). All these mechanisms 
of Ca^ clearance were found in rat hippocampal neurons, but their capacity clearly 
differed. Ca^ pumps in the surface membrane and in internal stores play the 
dominating role in slow Ca^ * buffering whereas NaVCa^ exchange and 
mitochondria are of marginal importance (Mironov, 1995). 
The original idea that calcium might enter cells through a capadtative 
mechanism was &st introduced by Putney (1986). Calcium oitry in this hypothesis, 
was regulated by the state of filling of the calcium stores v i^iich prevent entry 
vdien they are charged up but immediately begin to promote entry as soon as 
stored caldum is discharged. This capadtative entry mechanism is present in 
many cells and has properties which are very similar from one cell to the next 
(Berridge, 1995). Hothand Penner (1992) coined the term caldum-release-activated 
current (ICR^C) °^ ^ ^^^^ *° ^ ^ current flowing through these capadtative caldum 
entry channels. Perhaps the single most important property of capadtative Ca^ * 
entry is its sensitivity to Ca^ (Zweifach and Lewis, 1995). I^^^ is expressed in 
many different cell types. It is potentiated by extracellular caldum but inactivated 
by intracellular caldum (Zweifach and Lewis, 1993; Missiaen et al, 1994). 1^^^^^ is 
not the only type of channel bringing Ca^ into cells that is triggered by store 
depletion: such channds are known generally as storeoperated channds (G^ham, 
1995a). Sustained increase in intracellular Ca^ concentration can lead to the 
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activation of degradative enzymes like proteinases, phospholipases and 
endonucleases, ultimately leading to breakdown of macromolecules (Davies and 
Chipman, 1994). The peroxidation of arachidonic acid, the major hydrolysis 
product of PLAj which is activated in presence of increased cytosolic (Ca^) and/ 
or itsmetaboUte interferes with GAB A^-receptor function leading to a decrease in 
CI" uptake (Schwartz et al, 1992). Rather than a sustained increase in cytosolic 
[Ca^ *], it is the localized cycling of Ca^ * across the plasma membrane that is the 
critically important Ca^ messenger during the sustained phase of cellular responses 
mediated via surface receptors linked to the hydrolysis of phosphatidyl inositol-
4,5-diphosphate (PIPj) v\iiich hydrolysesto give inositol 1,4,5-triphosphate (IP3) 
and diacyl glycerol (DAG). IP3 acts to release Ca^ from an intracellular pool, 
thereby causing a transient rise in cytosolic [Ca^] (Rasmussen, 1990). 
The major pathway for entry of Ca^ ^ into excitable cells such as muscle, 
neural and secretory cells is through Ca^-permeable channels which are activated 
by depolarization of the cell (Varadi et al, 1995). These voltage-operated Ca-^  
channels (VOCC) trigger neurotransmitter and hormone release, muscle 
contraction, and many other cellular functions (McCabe Jr. and Pounds, 1997). 
Beyond manipulation of the calcium channels by pharmacologic agents and 
toxins, VOCCs are sensitive to many toxic metals (Busselberg, 1995). Table 2 
gives an account of the Ca^-transporting systems of cell membranes. 
Table 2 
Transporting mode Membrane Ca^ ^ a£Bnity 
ATPases Plasma membrane High 
Endo(sarco) plasmic reticulum 
Exchangers [Na*/Ca^] Plasma membrane Low 
Inner mitochondrial membrane 
Qiannds Plasma monbrane Low 
Endo(sarco)plasmic reticulum ? 
Electrophoretic Inner mitodiondrial uniporters membrane Low 
CarafoU (1988). 
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In the recent past a number of reports indicate a critical role of intracellular 
Ca^ concentration in neurodegenerative disorders (Veikhratsky and Toescu, 1997). 
Any involvement of Ca^ fluxes in the pharmacological action of neuroactive drags 
is of interest. 
Concluding Remarks 
The foregoing information indicate that the response of mitochondria 
towards generation and scavenging of active oxygen secies in different regions of 
brain and the ensuing modulation of calcium fluxes and functions could assume 
significance in understanding the biological effects of benzodiazepines. Therefore 
studies were conducted in this dissertation towards answering the above possibility 
and die results are presented in this thesis. 
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Introduction 
Prooxidative processes occur in brain as a cause or a consequence of acute, 
transient and chronic effects of xenobiotic chemicals und^ different stress 
conditions. Earlier studies in this laboratoiy with aniline (Kakkar et al, 1987; 
Kakkar et al, 1992) and anaesthetic ether (Awasthi et al, 1989; \^swanathan et al, 
1995) also showed increased formation of thiobarbituric add reactive substances 
(TEARS) and perturbation in the tissue antioxidant defenses. Phenobarbitone also 
showed similar changes, especially an inter regional differential response (Awasthi 
et al, 1989,1991). The physiological mechanisms of anaesthesia by ether and 
barbiturates differ considerably in finer details. In this perspective, it was logical to 
study in detail the effect of diazepam v\^ch is the most common sedative in use 
presently. Hoice, the eaiiy biochemical changes due to a single subtoxic dose of 
diazepam in different regions of rat brain was studied, the results of vA^da. are 
presented in this ch^ter. 
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Materials and Methods 
Animals 
Male albino Wistarrats weighing between 150-200 g, fromlTRC Animal 
Colony were used througjiout the study. The animals were maintained on standard 
pellet diet (M/S Lipton, Bombay, India) and water ad libitum. 
Chemicals 
Thiobarbituric acid (TBA), phenazine methosulfate (PMS), nitroblue 
tetrazolium (NBT), nicotinamide adenine dinucleotide reduced (NADH), 5,5' 
dithionitro bis 2-mtrobenzoic acid (DTNB), nicotinamide adenine dinucleotide 
phosphate (NADP), glucose-6-phosphate, EGTA, ATP and bovine serum albumin 
were procured from Sigma Chemicals Co. (StLouis, MO, USA). Injectible 
diazepam (Calmpose) was a product from Ranbaxy Laboratories Ltd., India. 
Sodium pyrophosphate, methanol, trichloro acetic add and other chemicals 
were either BDH Analar or E. Merck extrapure. 
Animal TVeatment with Diazepam 
Diazepam, 3 mg/kg, was administered to a group of six animals intra 
peritoneally and the animals were sacrificed after one hour (Group I).Another 
set of six animals which were given i.p. saline served as controls. In a separate 
set of experiments same number of animals were given diazepam (3 mg/kg 
b.w.) but killed after 18 hours (Group II). This dose which is 1% of the reported 
LD^ dose was chosen after pilot experiments. The injectible preparation was in 
0.1% benzyl alcohol v/v vsMch did not have any effect on lipid peroxidation. 
Experiments were also done with lower (1.5 mg/kg b.w.) and higher (6.0 mg/kg 
b.w.) doses to observe the relative changes. Schedule for sacrificing the animals 
remained the same as mentioned above for most of the experiments. For some 
enzyme assays 5% LD^ dose i.e. (15 mg/kg b.w.) was also given. 
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Rats were sacrificed by cutting the jugular vein. Brain was immediately 
taken out, rinsed, dried and cleared of all adhering material. Gross dissection of 
brain regions was carried out quickly according to Glowinski and Iverson 
(1966). Cerebrum (CB), cerebellum (CBL) and brain stem (BS) were removed, 
weighed separately and a 10% (w/v) homogenate of each portion of brain was 
prepared in 0.15 M KQ using a Potter Elvehjem glass homogeniser. All the 
operations were carried out at 0-4 "C temperature. 
Preparation of Subcellular Fractions 
Subcellular fi'actionationofhomogenatesof different regions of rat brain 
was done by the method of Mustafa (1974). Nuclear debris was removed by 
centrifiiging the 10% (w/v) homogenate in 0.15 M KCl, at 2500 x g for 10 
minutes in a refrigerated centrifuge. Supematants were removed and centrifuged 
again at 12000 xg for 20 minutes to separate mitochondria Mitochondrial pellets 
were washed twice with the medium, centrifuged and resuspended in desired 
volume of 0.15MKa for further processing. Volume of post-mitochondrial fraction 
(PMF) mixed with the first washing was noted and used for further assays. 
Lipid Peroxidation 
Malonaldehyde formed as a product of lipid peroxidation was estimated at 
different time intervals i.e. 0, 30,60, and 120 minutes in the v\diole homogenate, 
suspended mitochondria or post-mitochondrial fractions of treated and control rat 
brain regions using the method of Ohkawa eta/(1979). Rate of thiobarbituric add 
reactive substance (TBARS) formation was also followed in mitochondrial and 
PMFsof CB, CBLandBS of control and exposed animals. 
The reaction system contained 2.0 ml of the 10% (w/v) homogenate, 
suspended mitochondria or PMF of control and treated brain regions and 3 ml of 
0.15 M KQ wfaidi was incubated at 37 **C with constant shaking. Aliquots were 
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withdrawn for the assay ofTBA-reactive substance (TBARS) formed at 0,30, 60 
and 120 mins. The optical density was measured at 535 nm. A molecular 
extinction coefficient of 1.56x10^ M"* cm'* was used to calculate rnnoles of 
malondialdehyde formed per mg of protein per hour. 
Measurement of Superoxide Dismutase Activity 
Superoxide dismutase [EC.1.15.1.1] activity was determined 
spectrophotometrically by the inhibition of the formation of formazan in the 
nicotinamide adenine dinucleotide (reduced)-phenazine methosulphate-nitroblue 
tetrazolium reaction system as described by Nishikimi etal(\912) and adapted by 
Kakkar et cd (1984). Cu/Zn-SOD was assayed in the PMF and Mn-SOD in the 
mitochondrial fractions of Group I & n animals. One imit of the enzyme is equivalent 
to 50% inhibition in the formazan formation in 1 min at room temperature (25±2*'C). 
Measurement of -SH Content in Diazepam Treated and Control 
Animals 
Free and total sulfhydiyl content was estimated by the method of Sedlack 
and Lindsay (1968). 
(a) Total -SH content 
To 0.5 ml aliquot of the sample, 1.5 ml of 0.2 M tris buffer (pH 8.2) and 0.1 ml 
of O.OIM 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB) in methanol were added 
The volume was made upto 10.0 ml witii absolute methanol. Reagent blank (without 
sample) and sample blank (without DTNB) were also prepared. Colour was 
developed with mild stirringfor 30 mins, after which the samples were centrifuged 
at 2,500 rpm for 10 minutes and read at 412 nm. 
(b) Non-proteia -SH content 
To 0.8 ml aliquot equal volume of TCA (10%) was added. After shaking it for 
10-15 mins, it was centrifuged at 2500 rpm for 10 mins. To 1 ml supernatant, 2 ml 
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of 0.4 M Tris buffer (pH 8.9) and 0.05 ml DTNB were added and after shaking it 
vigorously read at 412 nm. 
Measurement of Glutathione Reductase Activity 
Glutathione reductase [EC. 1.6.4.2J activity was measured by the metiiod of 
Carlberg and Mannervik (1985). In a cuvette, 0.5 ml of 0.2 M potassium phosjAate 
buffer (pH 7.0) containing 2 mM EDTA at 30 *»€, 50 ^ 1 of 2 mMNADPH prepared 
in 10 mM Tiis-HCl, pH 7.0, 50 ^1 oxidized glutathione, GSSG (20 mM) and the 
desired volume of deionized water giving a final total volume of 1 ml was added 
The reaction was initiated by the addition of the enzyme to the cuvette and the 
decrease in absorbance, due to oxidation of NADPH followed 
spectrophotometrically at 340 nm. 
NADPH+ H++GSSG >NADr + 2GSH 
Estimation of GIucose-6-phosphate Dehydrogenase Activity 
Glucose-6-phosphate dehydrogenase [EC. 1.1.1.49] activity was measured 
in the PMF of CB, CBL and BS regions of diazepam treated and control animals 
according to the method of Langdon (1966). In the presence of saturating 
concentration ofglucose-6-phosphate andNADP ,^ therate of change of absoibance 
at 340 nm is proportional to the enzyme concentration. In a cuvette of 1 cm light 
path0.1mlNADF(2.5mM),0.5 ml MgCl2(0.1M), 0.5 ml gjycylglycine buffer 
(0.25M, pH 7.5) was taken, 0.1 ml enzyme was added last in a total volume of 2.5 
ml. Change in absorbance was read at 340 nm in a UVA^S spectrophotometer at 
room temperature. One unit of enzyme activity is defined as the amount of enzyme 
that catalyzes the oxidation of 1 ^mol of glucose-6-phosphate per min. The changes 
in O.D. units/min is converted to ^M NADPH formed/min using the extinction 
coefficient of 6.22xl0**cm'' mole"^ 
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developed was read at 660 nm on a spectrophotometer. All spectrophotometric 
measurements were done on Milton Roy Spectronic 1001 UVA^s spectrophotometer 
at room temperature (ISil^C). 
Statistical Analysis 
In each group, estimations were done in separate animals, and the statistical 
evaluations of diazepam-induced alterations in peroxidation, enzyme activity and 
non enzymatic antioxidants were done by student's't'test (Fisher, 1950), taking 
a p value of <0.005 as significant 
Results 
Lipid Peroxidation 
To test the role of free radical processes, in the manifestation of effects of 
diazepam , lipid peroxidation was followed in brain regions of diazepam treated 
and imtreated animals. Table 1 shows the TBARS formation in cerebrum (CB) 
cerebelliun (CBL) and brain stem (BS) of untreated rats and animals treated 
with differrait doses of diazepam (i.p)and killed after one hour. 
Table 1 
TBARS formation in different regions of rat brain after 
single administration of diazq;)am. 
Treatment 
(Diazepam mg/kg b.w.) 
Control 
1.5 
3.0 
6.0 
TBARS (mnoles MDA/mg protein/hr) 
CB 
0.816±0.026 
0.664±0.025« 
0.662±0.091 
0.597db0.033* 
CBL 
1.049±0.049 
0.805±0.047» 
0.891±0.070'' 
0.798±0.019* 
BS 
0.887±0.023 
0.707±0.034* 
0.599±0.042V 
0.433±0.058» 
Values are arithmetic mean ±S.D. of six determinations in each case, 
a: pO.OOl; b: p<0.02. 
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Ca^ * Stimulated Mg^ * Dependent ATPase Activity 
Ca^ stimulated Mg**^  dependent ATPase (EC 3.6.1.3) activity was measured 
according to the method of Stewart et al (1979). 1 ml assay system contained a 
final concentration of 50 mM Tris-HCl buffer (pH 7.0), 5 mM MgCl^  (fi-esh), 
0.1 mM CaClj, 1 mM EGTA (in 0.05 M Tris), 0.6 ml H^O and 0.1 ml of enzyme 
(prepared in 0.02 M Tris-0.15 M KCl) vs^ch was incubated at 37 °C for 5 mins in 
ashaker. AttheendofthepreincubationperiodOAmlof 40 mMATP (Le.,afinal 
concentration of 4 mM, pH 7.0) was added and incubated again at 37 °C for 10 
mins after vy^ch 1 ml of chilled TCA (10%) was added and the precipitate 
centrifiiged. 0.05 ml of supernatant was then suspended in 0.4 ml of 10 N HjSO ,^ 
0.8 ml 2.5% ammoniimi molybdate and 0.4 ml ANSA and the volume was made 
upto 10 ml with distilled water and the OD was read at 660 nm. ^moles Pi 
(orthophosphate) liberated was measured as a function of the calcium dependent 
ATPase activity. The difference of assays with and without EGTA was taken as 
the Ca^ stimulated Mg^ dependent ATPase activity. 
Effect of Diazepam on Lipid Peroxidation In vitro 
A few in vitro experiments were carried out to see the effect of diazepam 
in comparison to tiie invivo situation. Malonaldehyde (MDA) liberated during 
the course of lipid peroxidation was estimated by the thiobarbituric add 
method (Ohkawa et al, 1979) at different time intervals in homogenates of brain 
regions subjected to incubation with specific concentration of ferrous ammonium 
sulphate 100 nM, EDTA100 i^M, ascorbic add lOOjiM and 0.2 MH^Oj. Different 
concentrations of diazepam was added to this incubation mixture to see the effect 
of diazepam on TBAR5 formation. 
Protein Estimation 
Protein was estimated inTCApredpitates from all the fi'actions according 
to the method of Lowry et al (1951). BSA was used as standard. The colour 
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As evident from the data, a dose of 3 mg/kg body weight, vsiiich is only 1% 
of the LD^ dose could cause a decrease in peroxidative decomposition of 
polyunsaturated fatty acids of all the three regions. The malonaldehyde formed in 
CB was 79% of that of control whereas the values obtained for CBL & BS were 
85% and 67.5% of control. Decreased lipid peroxide formation was also observed 
at lower (1.5 mg/kg body weight) and higher doses (6 mg/kg body weight). At 
lower dose, the changes observed in CB &CBL were similar to that observed at 
3 mg/kg dose, whereas in BS, MDA formed was about 80% of that of 
corresponding control. This decrease was statistically significant in all the three 
regions. However, at higher dose i.e., 6 mg/kg, there was further reduction in the 
TBARS formation being 73% in CB, 76% in CBL and 49% in BS of their 
corresponding controls and were highly significant (p<0.001). The changes 
observed in the brain stem region were highly significant with all the 3 doses 
tested and a 51% decrease in Upid peroxidation was observed with the 6 mg/kg 
dose. 
For fiirther experiments, 3 mg/kg dose was chosen, v^^ch showed moderate 
changes and differed in its response in the three regions of brain examined. 
Since the effects of tiie tranquilizers is reversible, it was of interest to see vsdiether 
the firee radical mediated phenomenon was transient or persisting. Time course of 
the TBARS formation was followed in control, group I (sacrificed after 1 hour of 
dose) and group n animals (sacrificed after 18 hours of dose). For this purpose, 
aliquots were drawn from the assay systems at 0 time, 30 mins, 60 mins and 120 
mins and MDA formed at that particular time was measured in all the groups of 
animals compared. Fig. 1 shows a comparative account of the MDA formation in 
cerebrum of control, group I and group n of diazepam treated animals at different 
time intervals. As is evidoit from the data, the 0 time value of MDA formation 
was 64% higher in group I rats. This is an index of the in vivo lipid pax>xides 
already formed due to diazepam administration. This was not seoi in the case of 
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group n animals showing values comparable to control rats. At 30 minutes, MDA 
formed in control and group I animals was comparable whereas group n animals 
showed a decrease in MDA formed being 53.5% lower than untreated rats. At 1 
hour group I showed a litde higher value A\iiereas group n showed lower TEARS 
formation, but taking into consideration the zero time value, the actual rate of 
MDA formation was lower in group I animals than controls. After two hours of 
incubation there was reduced lipid peroxidation in group I and group H animals 
being 39% and 57.7% lower than corresponding controls respectively. 
Fig. 2 shows the rate of lipid peroxidation in cerebellum. In this case also at 
zero time TEARS formed in group I rats was 55% higher than imtreated rats. 
Again deducting the values obtained at 0 time there was a progressive decrease in 
TEARS formation in group I and group II animals. At one hour this decrease was 
31% in group I and 24.7% in group II rats, whereas at 2 hours it was 25.2% and 
28% respectively. In the brain stem region (Fig 3) however, there was not much 
difference in the zero time value of group I animals as compared to controls, 
whereas group H animals showed a 60% lower MDA formation at zero time. 
This reduction in lipid peroxide formation was maintained even at 30 minutes 
being 52% and 71.6% respectively in group I and group 11 rats. This difference in 
TEARS formation in diazepam treated animals was however reduced at 1 hour 
being 31.5% and 57.5% lower than the corresponding control. This was even 
further reduced after 2 hours with group I animals showing only 19% lower TEARS 
formation and group n animals showing 44.7% lower values. The data indicates 
towards an early effect ofdiazepam administration on the rate of Lipid peroxidation. 
Maximum lowering of TEARS formation was seen at 30 minutes v\iiich was 
progressively reduced till 2 hours. Since prooxidative processes could differ in 
various cellular compartments, subcellular fractionation of the homogenates 
was done and TEARS formation was followed in mitochondria of CB, CEL and 
BS regions (Fig. 4). As is evident from the data, an entirely different picture 
Early Biochemical Changes 55 
-Control 
Time (In minutes) 
—X—Group I -Group I 
Fig. 2: Twae course ofMDA fonnation in CBL of control, group 
I and group II rat brain regions. 
Early Biochemical Changes 56 
30 eo 
Time (in minutes) 
-Gbrird - x - Q x i p l -6—Gtaupl 
120 
Fig. 3: Time course of MDA formation in BS of control, group 
I and group n rat brain regions. 
Early Biochemical Changes 57 
0.6 
0.5 
I" 
1 0.2 
0.1 
'p<0.001 
CB CBL 
Brain Regions 
BS 
B Control S Treated 
Fig. 4: E£fect of diazq)am on TBARS formation in mitochondrial 
fractions in brain regions of group I rats. 
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emerged in this organelle as compared to whole homogenates of brain regions. In 
the mitochondria of CBL there was 21% enhancement (p<0.02) as compared to its 
corresponding control. Highest enhancement was observed inBS being 107% of 
the control vsdiich is highly significant (p<0.001). A 30% enhancement in lipid 
peroxidation was observed in the mitochondria of cerebrum (p<0.001). Hence, 
mitochondria showed a specific response ^ i^lich was also region specific. 
In the post mitochondrial firaction (Fig. 5), a decrease in MDA formation was 
observed in cerebrum wiiich was highly significant (P<0.001). Cerebellum showed 
a 49% enhancement in lipid peroxidation which was again significant (pO.OOl). 
The decrease observed in BS region was non-significant. Thus, in this firaction 
also, a region specific response was observed due to diazepam administration. 
Modulation of Some Tissue Antioxidants 
Efifect of diazepam on the antioxidant status of different brain regions was 
also followed. Fig. 6 shows the effect of diazepam on mitochondrial superoxide 
dismutase (Mi-SOD), A decrease in the activity ofMn-SOD was observed in all 
the 3 regions. The enzyme activity was decreased by 38% in CB whereas in BS 
lowering of the enzyme activity was maximum, being 52%(p<0.001). Thedeaease 
observed in Mn-SOD activity of CBL was found to be statistically non-significant. 
Fig. 7 shows the Mti-SOD activity in group 11 animals and it is clear firom the data 
diat the lowering of enzyme activity observed in group I animals was fiilly recovered 
after 18 hours. In cerebellum however, a significant (p<0.001) increase of the 
enzyme activity was seen after 18 hours wdiich could be due to a better response 
against firee radical stress in this region. 
Cu-Zn superoxide dianutase (Cu/Zn-SOD) isozyme also showed a similar 
response to diazepam administration. As is evident fi-om Fig. 8, CB and BS 
showed a significant decrease (p<0.001) in enzyme activity being 30% lower 
dian the corresponding control indie case of CB. The lowering of Cu/Zn-SOD 
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activity in CBL was statistically non-significant A trend towards recovoy of the 
enzyme activity was evident after 18 hours of diazepam administration (Fig. 9). 
hi CB a significant increase in Cu/Zn-SOD was seen, indicating towards a good 
response for an onslaught of free radicals. Enzyme activity in the CBL of group n 
animals was also increased as compared to controls. In BS, the activity was a Utde 
lower than control but this difference was non-significant. 
Effect, if any, on the total thiol content of the brain regions was also 
observed, since thiol content plays a very important role by supplying reducing 
equivalents and also by counteracting the onslaught of free radicals. The data in 
Table 2 shows the total -SH content in untreated and group I animals. No significant 
change was observed in total ^ o l content in any of the 3 regions. However, free 
thiol which comprises mainly of reduced glutathione, GSH (Table 3) showed 
depletion in all the regions of rat brain being highly significant in CBL & BS 
(p<0.001). A 39.8% depletion of free thiols was observed in CBL wiiereas in BS 
a 50% depletion was observed in the treated animals. In CB the depletion was 
only 7.2% and was not significant. Highest effect was observed in the BS. On 
following the thiol level in group n animals, no significant change in the total 
thiol (T-SH) content was observed in any region (Table 4). However, the free thiol 
content in group n animals (Table 5) showed significant decrease in the three 
regions of brain even after 18 hours of diazepam administration. The data clearly 
shows that diazepam administration affects the nonenzymatic antioxidants as well 
and causes an imbalance in reducing equivalents of the cell. The effect was quite 
pronounced even after a gap of 18 hours and though there was some regeneration 
of non-protein or free thiols (NP-SH), it did not return back to normal levels. 
Activity of glutathione reductase (GR), the key enzyme involved in the 
regeneration of GSH from GSSG, was also estimated under the same treatment 
schedule in mitochondrial and post mitochondrial firactions. Table 6 shows 
mitochondrial glutatiiione reductase activity in group I animals. A significant 
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Table 2 
Effect of diazq}am on total -SH content in different r^ons of rat brain (Groxip I). 
Total -SH content Qunoiea -SH/g fresh tissue wt.) 
Brain regions Control Treated 
26.143±1.339 
18.675±1.517 
19.779±0.854 
Values are arithmetic mean ±S.D. of six determinations in each case. 
CB 
CBL 
BS 
26.860tb0.982 
19.312±1.488 
20.531±1.309 
Table 3 
Free thiol content of different r^cHis of rat brain (Groiq) I). 
CB 
CBL 
BS 
3.011±0.199 
1.344±0.102 
1.266±0.023 
Free -SH content (jtmoles -SH/g fivsh tissue wt) 
Brain regions Control Treated 
2.792±0.379 
0.809±0.071« 
0.631±0.021' 
Values are arithmetic mean ±S.D. of six determinations in each case, 
a: p<0.001. 
Table 4 
Effect of diazepam on total-SH content in different r^ois of brain of groiq) n rats. 
Total -SH content Qunoles -SH/g fresh tissue wt.) 
Brain regions Control Treated 
20.040*0.815 
20.445±1.288 
20.850±0.410 
Values are arithmetic mean ±S.D. of six determinations in eadi case. 
CB 
CBL 
BS 
21.965±1.692 
21.586±2.487 
20.075±1.042 
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Table 5 
Free thiol content of different regions of brain of groi^ n rats. 
Free -SH content (funoles -SH/g firesh tissne wt.) 
Brain regions Control Treated 
2.097±0.055* 
0.919±0.021' 
0.864±0.057« 
Values are arithmetic mean ±S.D. of six determinations in each case. 
Table 6 
Glutathione reductase activity in mitochondria of different n^cmsofbrain in groiq) I rats. 
Qutatfaione reductase activity 
(unit X KH/min/n^ protein) 
CB 
CBL 
BS 
2.477±0.044 
1.292±0.066 
1.187±0.097 
Brain regions 
CB 
CBL 
BS 
Control 
19.85±2.540 
21.29±1.855 
18.743±0.986 
Treated 
18.346tl.526 
15.416±0.701' 
11.076*0.61* 
Values are arithmetic mean ±S.D. of six determinations in each case. 
a:p<0.001. 
decrease (p<0.001) in the enzyme activity was observed in the mitochondria of 
CBL and BS regions of group I animals. In CBL the activity was 72.41% and in 
BS it was 59% of that of respective controls. In the mitochondrial fraction of CB 
although there was a little decrease in the activity but it was not significant Similar 
trend was observed in the PMF (Table 7) v\^ere moderately significant (p<0.02) 
changes wo-e observed in CB and BS being 68.8% and 94.72% that of corresponding 
controls. In CBL, the activity was 94% of that of control (Table 7). Significant 
deo-ease in the glutathione reductase activity in CBL and BS supports the data for 
free thiol depletion in ^ese regions on diazepam treatment 
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Table 7 
Glutathione reductase activity in Post Mitochondrial fractions 
of brain r^ons in groiqi I rats. 
Brain regions 
CB 
CBL 
BS 
Qiitathione reductase activity 
(unit X KH/min/mg protein) 
Control 
35.706ct0.781 
39.955±1.034 
31.377±0.676 
Treated 
31.020±2.277* 
37.520±0.895» 
29.720i0.971'' 
Values are aridunedc mean ±S.D. of six determinations in each case, 
a: p<0.001; b: p<0.02 
hi group n animals, a trend towards recovery of glutathione reductase activity 
was observed in mitochondria of all the regions, as is evident from Fig. 10. In 
cerebellum, the activity increased from 72.41% in group I animals to 86% of 
control in group n animals. Similarly in brain stem, it increased from 59% in 
group I to 87% in group 11 showing a 47% recovery in the activity in this regjoa 
Fig. 11 shows the changes in the glutathione reductase activity in the post 
mitochondrial fractions. In CB and BS both, a fLuther decrease in the activity 
was observed. In CB, the activity was 61% and in BS it was 82% of control. In 
CBL a 7% decrease in activity was observed The data thus indicates that, in 
mitochondria after 18 hours the effect of diazepam on glutathione reductase 
activity starts vanishing wiiereas in post mitochondrial fraction, the effect of 
diazepam remains and, in fact, a further decrease in enzyme activity was 
observed. 
Since, NADPH is required for glutathione reductase activity and thus, may 
affect the conversion of oxidised glutathione to its reduced form, its supply may 
prove to be crucial in thiol homeostasis. 
Glucose-6-phosphate dehydrogenase [G6(P)DH], the first step regulatory 
enzyme ofthehexose monophosphate shunt, vyMch supplies the critical reducing 
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Fig. 10: Percent change in mitochondrial GR activity in group II rat brain regions. 
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Fig. 11: Percent change in PMFs GR activity in group II rat brain regions. 
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equivalents in the form of NADPH to the cell systems, was estimated in diazepam 
treated groiq) receiving 3 mg/kg and 1S mg/kg of the drug for one hour, and untreated 
animals (Table 8). In CB there was a slight decrease in the enzyme activity in 
diazepam treated animals wiiich remained so even in animals which were given 
5% of LDjQ dose (ip) i.e. 15 mg/kg. In CBL and BS however, the decrease in 
activity was slightly more, being about 28% in CBL (p<0.05) of rats given 15mg/ 
kg dose. Similar findings were observed in BS region vsdiich also showed a 
decrease of 14% (3 mg/kg dose) and 28% (15 mg/kg dose). However, no highly 
significant change was observed in any of the three regions. So, fi'om the data this 
enzyme does not seem to be involved in the lowering of glutathione reductase 
activity in diazepam treated animals. 
Table 8 
EjBfect of diazqiam on Glucose-6-phosphate ddiydrogenase activity in different 
regions of brain in groiq) I rats. 
Brain regions 
CB 
CBL 
BS 
Glucose-6-phosphate dehydrogei 
(units/mg protein) 
Control 
0.059±0.008 
0.093±0.018 
0.092±0.014 
nase 
IMazepam treatment 
3 mg/kg b.wt. 
0.056±0.011 
0.075±0.023 
0.079±0.008 
IS vag/]sg}Kwt 
0.054±0.007 
0.067±0.008" 
0.066±0.017' 
The values are arithmetic mean ±S.D. of six determinations in eadi case, 
a: p<0.05. 
Since it is clear from die data that diazepam causes changes in TBARS levels 
i.e. p^oxidation of polyunsaturated fatty adds of membrane, its effect on the 
membrane bound enzymes and calcium transport was also observed in group I 
animals. Table 9 shows the levels of Ca^-stimulated-^^^ dependoit ATPase activity 
in different regions of the brain of rats treated with 3 mg/kg and 15 mg/kg 
diazepam for one hour. The data shows a specific regional distribution of the 
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enzyme. The activity was found to be highest in the BS region being 8 fold of that 
of CB. In CBL too, there was more than 2 fold higher Ca^-Mg^- ATPase activity 
as compared to CB. In animals receiving 3 mg/kg diazepam treatment, highly 
significant (p<0.001) increase in activity in CB and BS regions was observed 
v^ereas CBL showed a statistically significant decrease (p<0.01). However, all 
the three regions showed statistically significant increase in enzyme activity in 
animals given the 15 mg/kg dose being about 6 fold higher in CB and 2.5 fold 
higher in CBL (p<0.001). This change in activity could be indicative of higher 
transport ofcalcium across the membrane or due to greater availability of substrate 
i.e. ATP vsiiich may be due to changes in membrane integrity and fimctions. 
Table 9 
Changes inCa^ stimulated-N%"^  dependent ATPase activity in the mitochondria 
due to diazepam treatment in groiq) I rats. 
Brain regions 
CB 
CBL 
BS 
Ca**-IM *^ -ATPase activity 
OiMPi Uberated/hr/mg protein) 
Control 
1.003±0.053 
2.675±0.377 
8.102±0.114 
Diazepam treatment 
3 mg/kg b.w. 
1.405±0.043» 
1.727±0.085'' 
9.182±0.239« 
15 n^/kg b.w. 
6.356±0.229* 
6.597±0.238* 
9.827±0.85»' 
The values are arithmetic mean dbS.D. of six determinations in eadi case. 
a:p<0.001; b:p<0.01. 
In vitro Studies 
Fig. 12 shows the m vzTTt) effect of diazepam on lipid peroxidation in brain 
homogenate. As is evident fi'om the data, at the beginning of the incubation, diazepam 
(0.5 mg) caused some 59% higher TBARS formation as compared to control. 
However, as the reaction proceeded, the rate of malonaldehyde formation was 
found to be lower in diazepam added assay system, being 29.8% lower at 60 
minutes and 35% lower after 2 hours as compared to tiie control assay system. 
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Fig. 12: ££fect of diazepam (0.5 mg) in vitro on MDA formation 
at differeat time intervals in rat brain. 
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Supplementation of Fe^ (100 ^M) and ascorbic acid (lOO i^M) to the brain 
homogenate (Fig. 13) initially enhanced the TEARS at 0 time by 2,59 fold and in 
the assay system further supplemented with 100 ^M EDTA along with Fe"" and 
ascorbic add it was 2.7 fold as compared to unsupplemented control. The presence 
of EDTA not only binds tiie transition metal ion i.e. Fe^ but also makes it more 
available at the site of free radical generation. However, after 1 hour of incubation 
the TEARS level was decreased in both Fe^ and ascorbic add and Fe^, ascorbic 
add and EDTA supplemented systems being 27.4% and 18.2% lower respectively 
as compared to controls ^ d^lich could be due to the presence of ascorbic add vsdiich 
apart from being a reducing agent also acts as an antioxidant. At 2 hours this 
decrease was 47.6% and 38.9% respectively. Further, effect of different 
concentrations of diazepam on Fe^, ascorbic add and EDTA supplemented system 
was monitored during the course of lipid peroxidation. As is evident from Fig. 14, 
at the beginning of the incubation, 0.5 mg and 1.0 mg diazepam supplementation 
showed higher MDA values. At 1 hour, 0.5 mg diazepam caused a slight lowering 
of TEARS formation v i^iereas a higher dose (1.0 mg) enhanced it by 8.5% as 
compared to its corresponding control. This dose dependent effect was further 
clear at 2 hours where the decrease and enhancement was 17.3% and 8.8% 
respectively. 
To the above Fe^, ascorbic add, EDTA supplanented system 0.2M ofH^O^ 
was added as a positive control for free radical generation and effect of 0.5 mg 
diazepam was observed on it (Fig, 15). At all the time intervals monitored ie. 0 
minute, 1 hr and 2 hours, addition of HjO, caused very significant enhancement of 
TEARS levels probably due to generation of other free radicals through Haber-
Wdss reaction in the presence of Fe^. The enhancement in lipid peroxidation 
was 5.7 fold, 4.7 fold and 4.3 fold respectively at the beginning, 1 hr and 2 hours 
of incubation. Addition of 0.5 mg diazepam caused lowering of lipid peroxidation 
being 18.8% at 1 hour and 18.2% at 2 hours as compared to its corresponding 
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Fig. 13: Effect of Fe^ (100 i^M), ascorbic add (100 nM) aad 
EDTA. (100 \M) in vitro on TBARS level in vitro in rat 
brain. 
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IFe2+ + AA + EDTA 
I Fe2+ + AA + EDTA +1 mg Diazepam 
Time (in minutes) 
B Fe2+ + AA + EDTA + 0.5 mg Diazepam 
Fig. 14: Effect of different concentrations of diazepam in vitro 
on Fe** + Ascorbic acid + EDTA. (lOO^M each) induced 
LPO in rat brain. 
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Fig. 15: Effect of HjO^ (0.2M) and diazepam on Fe^ + Ascorbic 
acid + EDTA. induced LPO in rat brain. 
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positive controls. Thus, diazepam seems to intervene the free radical mediated 
lipid peroxidation and coimteract free radical mediated damage in vitro in a dose 
dependent manner. 
Discussion 
Diazepam is a drug widely used clinically and with the growing preference 
for braizodiazepines in stress management its use has increased in recent times. It 
is widely prescribed as a sedative agent apart from its use as an anticonvulsant, 
anxiolytic agent and muscle relaxant. It is generally considered a very safe drug, 
even though a few forensic cases of death in humans have been reported at doses 
greater than 700 mg (Morselli, 1977). Cardiovascular and respiratory depression 
may occur after intravenous administration of diazepam. Its acute LD^ ^ in rats is 
710 mg/kg VAL&O. administered orally, whereas intraperitoneally it is 300 mg/kg 
(Gilman, 1991). The immediate prooxidative changes caused by single injection 
of diazepam observed here are due to its quick distribution and delivery to the 
brain. Since the lipid solubility of diazepam is 99%, its quick effect on membrane 
lipids afrer 1 hour of treatment is understandable. Diazepam has a r^id onset and 
a relatively brief duration of action afrer a single dose due to redistribution out of 
the brain, even though the elimination half life is longer i.e. 80 hours (Gilman, 
1996). The results (Table 1) show that in the tissue homogenate, lipid peroxidation 
was inhibited as compared to untreated rats and it was dose dependent and region 
specific. Diazepam-related inhibition of TEARS formation was found to be 
maximum in brain stem vs^ere a 51% decrease in Upid peroxidation was observed. 
During the course of lipid peroxidation it was observed that the zero time 
value for diazepam treated group I rats differed in CB and CBL being 63.7% and 
55% higher than corresponding controls. This indicates towards high lipid 
peroxide formation immediately afrer diazepam administr^ggjp tlyfljL^gons * 
in vivo. In CB afrer 2 hours of incubation there was 
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was more pronounced in group n animals. In BS, initially the level of MDA was 
similar in control and group I animals but group n animals showed lower level of 
MDA formed. Maximum reduction in TBARS formation was seen at 30 
minutes showing that effect of diazepam is pronounced at initial stages of lipid 
peroxidation. 
This response differed at the subcellular level. Mitochondria of CB, CBL 
and BS (Fig. 4) showed higher peroxidation of PUFAs after diazepam 
administration. Highest LPO was observed in the b-ain stem mitochondria showing 
2 foldincrease. The regional and subcellular distribution and turn over of antioxidant 
defenses could also account for the variation in effects (Halliwell, 1992;, Costa, 
1992; Ravindranath et al, 1995). Another point of interest was that Mn-SOD 
activity of BS was also significantly decreased (p<0.001) being 52% lower than the 
corresponding control. In group n animals, however, the Mn-SOD activity came 
back to normal level, even showing an increase in CBL. In the PMF (Fig. 5) a 
decrease in LPO was observed in CB and BS. Simultaneously an inhibition of 
Cu/Zn-SOD activity was also observed v i^iich was recovered after 18 hours. 
Earlier work firom this laboratory (Mehrotra etal, 1991; 1993; Kakkar et al, 
1992a, 1995, 1996) and literature reports (Castilho et al, 1995) show that 
mitochondria are important cellular sites for both the generation of oxygen radicals 
and oxidative damage. Also, since mitochondria possess peripheral benzodiazepine 
receptors on the outer membranes (Krueger and Papadopoulous, 1992; Miller, 
1998) binding of diazepam to these receptors thereby facilitating peroxidative 
decomposition of membrane lipids cannot be ruled out. Lowering of Mn-SOD in 
diazepam treated rats may also facilitate firee radicals reaching the PUFA of 
membranes without being counteracted. The results show that the effects were 
more pronounced in mitochondria as compared to PMF, presumably due to higher 
rate of active oxygen formation and lower antioxidants (Evans, 1993). 
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In the recent past many drags have been found to produce O^ and HjOj 
during tiieir metabolism (Farber, 1994) and the toxicity of these drags has been 
attributed to the generation of free radicals and resultant oxidative stress rather 
than due to cellular interaction of the reactive metabolites derived from the 
parent compound Availability of nucleophile GSH in the cellular environment 
to counteract electrophiUc metabolites of xenobiotics formed through bioactivation, 
may sometimes prove to be the deciding factor (Bains and Shaw, 1997). The 
results presented here also indicate depletion of free thiols (Table 3) (A^ch 
mainly comprises of GSH), due to diazepam A i^iich was most pronounced (50%) 
in BS. CBL also showed 39.8% depletion. The maximum depletion of GSH in BS 
correlates well with the data for lipid peroxidation, being highest in this region. 
Also, Mh-SOD was found to be lowest in BS after diazepam administration. Even 
in group n animals there was significant decrease in GSH in all the regions. In 
CBL, the GSH depletion recovered from 39.8% in group I to 29% and in BS from 
50% to 27% but could not attain tihe normal levels. 
The data shows that even though there was no significant change in the total 
thiol content in brain regions due to diazepam, a significant depletion of free thiols 
was observed in CBL and BS. The possibility of protein thiols forming cross-
linked protein aggregates cannot be ruled out at this stage. Formation of GSH-
protdn mixed disulfides alongwith GSH depletion have been reported during the 
metabolism of menadione (DiMonte et al, 1984). Depletion of GSH on one hand 
affects the detoxification of toxic metaboUtes, being the substrate of glutathione-S-
transferase (Wyatt et al, 1996) and on the other hand renders the cells more 
vulnerable to oxidative free radical attack since the loss of GSH may cause 
mitochondrial damage (Heales et aJ, 1995). In earlier studies from this laboratory 
GSH depletion was observed in aniline exposed animals (Kakkar et al, 1992) and 
also the role of GSH and ascorbic add in peroxidative swelling of mitochondria has 
been worked out in detail (Kaldcar et al, 1998). In a recent report by Jain (1998), 
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glutathione and glucose-6-phosphate dehydrogenase deficiency has been shown to 
increase protein glycosylation. Differences in the regional distribution of thiols 
and other antioxidant enzymes play a major role in regional differences in the 
capacity for metabolic processing of both endogenous compounds and xenobiotics 
(Kakkar and Viswanathan, 1990, 1992; Philbert et al, 1995). 
Lowering of glutathione reductase activity due to diazepam treatment further 
supports the results and confirms the involvement of oxidative processes during 
the early hypnosedative effects ofdiazepam(Musavi and Kakkar, 1998). Highest 
inhibition of this enzyme activity was found to be in the BS being 40.9% followed 
by CBL vsiiere the decrease was 27.59% (Table 6). This could explain the depletion 
of free thiols being highest in the BS region as the conversion of GSSG to GSH is 
also affected the most in this region followed by CBL. Moderately significant 
decrease in GR activity was observed in the PMFs of these regions (Table 7). In 
group n animals, a trend towards recovery of mitochondrial GR activity was 
observed diowdng 47% recovery (Fig. 10) but in the PMF no recovery was seen. 
Any effect ofdiazepam on the regulatory enzyme of hexose monophosphate 
shunt i.e. glucose-6-phosphate dehydrogenase (G6PDH), wiiich may in turn 
affect the supply of NADPH to the cell system, thereby affecting the GR activity, 
was also explored. No significant change in the enzyme activity was found, thus 
leading to the conclusion that lower GR activity is not due to non-availability of 
NADPR 
Membrane bound enzyme Ca^-stimulated-Mg^-dependent ATPase (Ca^-
Mg^-ATPase) (Table 9) was found to be enhanced in diazepam treated rats which 
was about 6 fold higher than control in CB and 2.5 fold in CBL of rats given 5% of 
LDjp dose (i.e., 15 mg/kg). There is a possibility of peroxidative changes in 
mitodiondrial membrane due to diazepam affecting Ca^ fluxes and also availability 
of ATP could be an important factor. 
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To get a further insight into the effects of diazepam on membranes, its effect 
on peroxidative decon^sition of PUFAs was seen in vitro (Figs. 12-15). An overall 
lowering of TEARS levels was found in diazepam supplemented systems. Even in 
the presence of HjO, and Fe^, ascorbic add, EDTA induced lipid peroxidation, 
diazepam accorded protection, in vitro. 
There are literature reports of tremendous regional heterogeniety in brain 
and each region displays specialized and selective functions (Ravindranath i?r a/, 
1995). This data also shows that there is regional heterogeniety in the distribution 
of oizymatic and non-enzymatic antioxidants and thus differences in the response 
towards any free radical onslaught. The differences observed in LPO in the three 
regions and also at the subcellular level gives a new insight into the free radical 
mediated processes due to diazepam. ChavkoandHarabin (1996) have reported 
regional lipid peroxidation in rat brain after hyperbaric oxygen exposure. Apart 
from this, a point of interest that emerged from these results was the differential 
response at the subcellular level. Mitochondria were found to be more affected by 
single dose of diazepam. The higher TBARS formation in the mitochondria of BS 
alongwith 2 fold decrease in Ivhi-SOD activity, depletion of free thiols bringing it 
down to half the level of normal alongwith decrease in GR activity being maximum 
in this region suggests that BS is affected more at the mitochondrial level as 
compared to CB and CBL regions of brain during the early effects of diazepam. 
Lower antioxidant defences (Costa, 1992) leave the cells quite vulnerable to assault 
by active oxygen species. It has been reported earlier that there is a coordination 
between the O^ " radical production and thiol recycling (Kehrer and Lund, 1994). 
During reductive stress i.e. when the redox-cycling of thiols gets disturbed, 
mitochondria become a good source of reactive oxygen species (ROS) (Dawson 
e/a/, 1993). 
LPO affects the cell membranes and organelle manbranes, leading to a 
compromise in the inq)enneability of membranes, disturbance in the ion fluxes, 
affecting the membrane bound proteins including die ion pumps, ^ ^ch can lead 
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to disturbed cellular Ca^ and thiol homeostasis and induction of degradative 
processes and ultimate damage. Thus, die data indicates towards an involvement 
of free radical related processes and modulation of antioxidant defenses during the 
early hypno-sedative effects of diazepam. 
Summary 
Studies were conducted to ascertain any involvement offiree radical mediated 
prooxidative processes in different regions of brain following administration of 
diazepam (i.p.) at 3 mg/kg body weight dose to rats which were sacrificed 
after 1 hour. Diazepam treated rats showed lowering of thiobarbituric add 
reactive substance (TB ARS) formation in all the regions of brain in a dose dependent 
manner. However, a variation in response was observed at the subcellular level. 
Enhanced TBARS formation was found in the mitochondrial fraction from brain 
stem, cerebdlum and cerebrum. In the post mitochondrial fraction (PMF), cerebel-
lum showed 49% enhancement whereas decreased formation of TBARS was 
observed in cerebrum and brain stem. Isozymes of superoxide dismutase showed 
a decrease in activity which was region dependent. Eventhough, total thiols 
were not significantly altered, free thiols showed depletion in cerebellum (39.8%) 
and brain stem (50%). Glutathione reductase activity was also decreased in the 
mitochondria of cerebellum and brain stem, being 72.41% and 59% that of 
corresponding controls. Similar trends were observed in the PMFs also. A trend 
towards normalisation of antioxidant defenses was observed in rats killed 18 hours 
after diazepam administration. Glucose-6-phosphate dehydrogenase was not 
affected by diazepam vs^ereas membrane bound Ca^-Mg^-ATPase activity was 
enhanced by 6.3 fold in CB and 2.5 fold in CBL at a 5% LD^^  dose. In vitm 
studies showed diazepam reducing the prooxidant induced lipid peroxidatioa 
The results thus indicate that diazepam causes free radical mediated changes 
and tiie modulatory response of antioxidant defenses appears to be not only 
region specific but also organelle specific. 
CHAPTER-II 
Effect on Pro and Antioxidant Status in Rat Brain 
Due to Repeated Administration of | 
Diazepam and its Withdrawal 
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Introduction 
Results presented in the previous chapter showed the involvement of active 
oxygen species in the immediate effects of diazepam after a single dose. Continuous 
generation of active oxygen species and other free radicals, as a result of biological 
oxidation and metabolic reactions takes place in all living cells and they get 
modulated under stress. Since there are parallel efficient antioxidant and other 
protective rq)air mechanisms, irreversible damage to cellular structure, molecules 
and functions is normally avoided as long as the defense alongwith the stress is 
normally maintained (Kakkar et al, 1993,1995,1996), However, when anti free 
radical defenses are depleted and thereby outweighed by prooxidative processes, 
oxidative stress sets in. One such situation is the repeated exposure due to stress 
producing chemicals, leading to chronic adverse effects. To understand the causes 
and mechanisms for this, it is essential to quantify the pro and antioxidant factors 
in vulnerable targets on single and repeated doses of diazepam. Such an effort has 
been made with different regions of rat brain at the subcdlular level after 
repeated administration. Whether die effects are abolished during withdrawal/ 
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drug recovery was also looked into using rat brain mitochondria as a simplified 
test model system. The results are presented in this chapter. 
Materials and Methods 
Animals 
Male albino ^ s t a r rats weighing between 150-200 g, fi-omlTRC Animal 
Colony were used throughout the study. The animals were maintained on standard 
pellet diet (M/S Lipton, Bombay, India) and water ad libitum. 
Chemicals 
Thiobarbituric acid (TBA), phenazine methosulfate (PMS), nitroblue 
tetrazolium (NBT), nicotinamide adenine dinucleotide reduced (NADH), 5,5'-
dithionitro-bis-2-mtroben2oic acid (DTNB), nicotinamide adenine dinucleotide 
phosphate (NADP), EGTA, ATP and bovine serum albumin were procured firom 
Sigma Chemicals Co. (StLouis, MO, USA). Injectible diazepam (Calmpose) 
was a product fi-om Ranbaxy Laboratories Ltd., India. Sodium pyrophosphate, 
methanol, trichloro acetic acid and other chemicals were either BDH Analar or E. 
Merck extrapure. 
Animal TVeatment with Diazepam 
Diazepam (3 mg/kg body weight) was administered intraperitoneally to four 
groups ofsix albino wistar rats. Group HI received the treatment for 7 consecutive 
days and killed on the eighth day. Group nia received the dose for 7 days but 
were sacrificed 7 days after the last dose. Group IV and IVa received the treatment 
for 21 consecutive days. Group IV rats were killed 24 hours after the last dose 
vk^ereas group IVa animals were sacrificed 7 days after tiie last dose. 10%(w/v) 
homogenates of brain regions were prepared separately and subcellular 
fractionation was carried out to isolate mitochondria. The level of TEARS, total 
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and free-SH contents, SOD isozymes in mitochondrial and post-mitochondrial 
fractions alongwith glutathione reductase activity and other parameters in both 
the fractions of CB, CBL and BS were assayed as described in Ch^ter-l and 
compared with controls. 
Results 
To test the role of oxidative events in the manifestation of effects of diazepam 
in repeated doses and on its abrupt withdrawal alongwith oxidant/antioxidant 
activities during withdrawal were examined The effect of short-term-repeated 
administration (7 days) of diazepam in 3 mg/kg body weight daily dose (Group 
in) was observed at the subcellular level. A highly significant decrease in TBARS 
formation (Fig. 16) in the mitochondria of CB was observed. The level of TBARS 
was reduced by 34.56% after repeated administration of diazepam for 7 days 
(p<0.001). Li CBL the decrease in MDA formation was 23.3% and in BS it was 
39.8% lower. In die post mitochondrial fraction (Fig. 17) the lowering of lipid 
peroxidation was much more pronounced. In CB it was 55.4% lower v i^iereas 
CBL and BS showed a value of 75.5% and 82.5% as compared to their respective 
controls. In a comparison of the TBARS in the PMFs of the three regions of 
untreated animals with those ofGroup HI, highest level ofMDA was found in BS 
followed by CBL and CB. The data shows differential regional response as well 
as organelle specificity. However, the levels of MDA observed 7 days after the last 
diazepam injection was found to be quite high in the mitochondria of all the 
regions. CB showed a 1.82 fold increase in TBARS formation in mitochondria 
(Fig. 16) and 3.68 fold increase in the PMF (Fig. 17). In CBL, the increase was 
165% in mitochondria and 140% in PMF. A 89.9% increase was observed in the 
mitochondria of BS whereas PMF showed a 59.5% increase in TBARS. The 
prospects of repeated administration of diazepam making the membrane 
polyunsaturated fatty adds more vulnerable to peroxidation after it is excreted out 
of the system has been frirther e7q)lored. 
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B Group Ilia 
Fig. 16: Rate of MDA formation in mitochondria of diflFerent 
regions of brain in groups m and IQa rats. 
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Fig. 17: Rate of MDA foimation m PMF of different regions of 
brain in groups m and ma rats. 
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Tables 11 and 12 show the effect of short-tenn-repeated administration of 
diazepam (Group ID) on isozymes of superoxide dismutase, Mn-SOD and Cu/Zn-
SOD fovmd in mitochondrial and post mitochondrial fractions respectively. CBL 
and BS regions showed a littie increase in the Mn-SOD activity (Table 11) w^ch 
was not very significant v\iiereas in CB a lowering of enzyme activity was observed 
v^ch was moderately significant (p<0.05). Similar pattern was observed in Cu/ 
Zn-SOD activity vs^ere CB showed a moderately significant decrease (p<0.05) 
whereas CBL and BS showed a highly significant increase (p<0.001) in treated 
animals. Results of 7 days of repeated diazepam treatment indicate moderate 
changes in the Mn-SOD activity while Cu/Zn-SOD was significantiy increased in 
CBL and BS vsdrich could be due to the body's adaptive mechanism to repeated 
exposure. Whereas a single dose of diazepam caused significant decrease in Mn-
SOD in CB and BS and highly significant increase of Cu/Zn-SOD in CBL. 
Table 11 
Effect of treated administraticm of diazepam on Iv^-SOD activity of different 
r^ons of rat brain (Groiq) m). 
Mn-SOD activity (onits/mg protein) 
Brain regions 
CB 
CBL 
BS 
Values are arithmetic 
a:p<0.05. 
Control 
11.874±0.733 
9.224±0.686 
10.515±0.959 
means ±S.D. of six determinatiais in 
Table 12 
Treated 
10.546±0.720* 
10.505±1.256 
11.775±0.876 
each case. 
Effect of rqjeated dose of diazepam (3 mg/kg body wt.) <MI Cu/Zh-SOD activity of 
different r^ons of rat brain (Groiq}III). 
Cu/Zn-SOD activity (onits/mg protein) 
Brain regions Control Treated 
6.759*0.187* 
9.851±0.488« 
10.627±0.358* 
Values are arithmetic means ±S.D. of six detenninations in eadicase. 
a: pO.OOl; b^xO.OS. 
CB 
CBL 
BS 
7.371±0.436 
7.207±0.378 
7.857±1.040 
Repeated Administration & Withdrawal 39 
The activity of glutathione reductase was also monitored in die mitochondria 
and PMFs of group m animals. Table 13 shows the effect of diazepam on 
mitochondrial glutathione reductase activity. Unlike CB which showed lowering 
of enzyme activity (p<0.05), CBL and BS showed significantly enhanced 
activity, being highest (p<0.001) in CBL. In the PMF (Table 14) CB showed 
highly significant increase in activity (p<0.001) being 37.2% more than control. 
CBL showed moderately significant decrease of GR activity (p<0.01) being 12% 
lower than control. Similar lowering of the activity was observed in BS also 
(p<0.01). It was interesting to note that mitochondria of CB showed decrease 
vsdiereas in the PMF an increase in activity was observed. The reverse was true 
in the case of CBL and BS where mitochondria showed increase in activity and 
PMF showed decrease in activity. The data indicates towards a possible coordinated 
expression of enzyme activity in the two compartments of cell. 
Table 13 
Glutathione reductase activity in mitodiondria of different regions of brain in 
groiq) m rats. 
Brain regions 
CB 
CBL 
BS 
Mitochondrial 
(units: 
Control 
19.685±L642 
22.739±2.820 
14.122±1.535 
glutathione reductase activity 
K lO^/min/mg protein) 
Treated 
17.185±0.921 
(p<0.05) 
35.268±2.998 
(pO.OOl) 
17.817±0.421 
(pO.OOl) 
Values are arithmetic mean ±S.D. of six determinatiais in each case. 
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Table 14 
Grlntathione reductase activity in the post tnitodumdrial fractic»is of rat brain 
r^cms after repeated administration of diazepam (groiq) IQ). 
Bram regions 
CB 
CBL 
BS 
Qutatbione reductase activity 
(units xlO^/min/mg protein) 
Control 
25.519±1.443 
43.082±1.051 
30.947±1.067 
Treated 
35.032±1.251 
(p<0.001) 
37.903±1.704 
(p<0.01) 
27.562±0.745 
(p<0.01) 
Values are arithmetic mean ±SD of six determinations in each case. 
Table 15 shows that after 7 days of consecutive diazepam treatment, there 
was a significant (p<0.001) rise in the number of total reduced thiol groups, being 
23.7%, 61% and 28% higher in CB, CBL, and BS respectively. The amount of 
fi:ee-SH (NP-SH) groups showed a tendency to increase but to a lower order than 
the total -SH except in BS where a decrease in free -SH content in the treated 
group was observed 
Table 15 
Qianges in total and free-thiol content in different regions of group III rat brain. 
T-SH NP-SH 
Ounoles -SH groups/g fresh tissue w t ) 
Brain regions 
CB 
CBL 
BS 
Control 
12.202±0.410 
6.80 IdbO. 103 
8.376±0.015 
Treated Control Treated 
15.094±0.206* 1.398±0.004 1.589±0.015» 
10.954±0.749' 0.757±0.013 1.000±0.024* 
10.724±0.099' 0.734±0.01 0.680±0.025 
Values are arithmetic mean ±S.D. of six determinations in each case, 
a: p<0.001. 
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Since the level of TEARS was found to be significantly enhanced in the 
group of animals abruptly >vithdraAvn fi'om diazepam after a week's treatment 
(Group nia), the activity of the antioxidant enzymes, SOD and glutathione 
reductase, was also assayed as shown in Figs. 18 and 19 and Table 16 respectively 
in this particular group. This aspect was significant because the elimination time 
of diazepam is reported to be 80 hrs (EUenhom, 1997). As shown in Figs. 18 and 
19, the Mti-SOD activity was found to be decreased in all the portions, being 
highly significant (p<0.001) in CBL andBS with 43% and 35.8% respectively and 
21.8% in CB. The Cu/Zn-SOD was also found to be decreased in the three regions 
showing a similar trend as the mitochondrial isozyme with a highly significant 
(p<0.001) decrease in CBL and BS but was only moderately significant in CB 
(p<0.02). The GR activity observed in this group (Table 16) has 36% decrease 
(p<0.001) in mitochondria ofCB whereas the activity remained nearly comparable 
to the control animals in the BS v\4iile CBL showed a 34% increase vyMch was 
moderately significant (p<0.01). 
Table 16 
Glutathione reductase activity in mitochondrial and PMF of Groiq) nia rats. 
(units X lO^/miii/ii^ protdii) 
Subcellalar fraction 
Mitochondria 
Control 
Treated 
PMF 
C(xitrol 
Treated 
CB 
5.691±0.051 
3.635±0.247'' 
7.945±0.660 
6.887±0.065' 
CBL 
4.629±0.141 
6.241±0.532'' 
9.961±0.675 
8.872±0.161' 
BS 
4.234±0.157 
4.626±0.461' 
7.392±0.556 
8.925±0.204« 
Values are arithmetic mean ±S.D. of six determinations in each case, 
a: p<0.1; b: pO.Ol; 0^X0.02; d: p<0.001. 
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Mn-SOD activity unitsMig protein 
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Fig. 18: Effect of diazepam on the activity of Mn-SOD in group 
ma rat brain regions. 
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Fig. 19: Effect of diazepam on the activity of Cu/Zn-SOD in grovq) 
nia rat brain regions. 
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In the post-mitochondrial fraction, GR activity was found to be increased in 
BS only whereas the values were nearly comparable to the untreated samples in the 
other two portions. 
To fiirther explore the changes observed in the short term repeated subchronic 
exposure to diazepam, the therapeutic dose of 3 mg/kg body weight, usually 
prescribed to convalescing patients for longer periods was given to another two 
sets of animals i.e. Group IV (3 weeks' treatment) and Group FVathe set of animals 
abruptly withdrawn from the drug for 7 days after the treatment of 21 days. As 
evident from Table 17, the level of TEARS in Group IV mitochondrial fraction 
ofCB showed a 27% decrease whereas, there was no change in the PMF of this 
region which was also true for BS wdiereas the level of TBARS increased in the 
mitochondrial fractions of both CBL (48%) and that of BS. A non-significant 
increase in TBARS formation was also seen in the PMF of CBL. 
Table 17 
TBARS formation in different regions of rat brain after 21 days of diazepam 
treatment (3 mg/l^day) i.e., Group IV. 
Subcellular fraction 
Mitochondria 
Control 
Treated 
PMF 
Control 
Treated 
(nmoles MDA/mg protein) 
CB 
0.593±0.035 
0.428db0.009 
(p<0.1) 
0.617±0.020 
0.610±0.053 
CBL 
0.751±0.122 
1.115±0.065 
(p<0.1) 
1.699±0.033 
1.980±0.095 
BS 
0.427±0.079 
0.533±0.083 
0.415±0.015 
0.422±0.015 
Values are arithmetic mean ±S.D. of six determinaticHis in eadicase. 
The activity of the antioxidant enzymes of this group showed non-significant 
changes in the two isozymes of SOD in any of the three regions (Table 18) with 
only 19% increase in CuyZn-SOD of BS (p<0.01) whereas the mitochondrial 
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glutathione reductase (Fig. 20) showed considerable decrease in all the 3 regions, 
being 36% lowering of activity in BS v\diile the activity in the PMF (Fig. 21) 
showed negligible changes with a 36.7% decrease in CB. 
Table 18 
Effect of diazqiam treatment on the activity of Mh-SOD and Cu/Zn-SOD (Grovq) IV) 
MnSOD 
CcHitrol 
Treated 
Cu/Zn-SOD 
Control 
Treated 
(unit activity/mg protein) 
CB 
2.716±0.108 
2.216±0.138 
6.435±0.118 
6.448±0.274 
CBL 
4.652±0.188 
4.391±0.318 
7.545±0.295 
8.475±0.361 
BS 
4.500±0.318 
3.801±0.192 
10.466±0.328 
12.499±0.119 
(p<0.01) 
Values are arithmetic mean ±S.D. of six determinations in eadi case. 
The non-enzymatic antioxidant, glutathione was monitored alongwith the 
total mmiber of reduced thiol groups, both free and protein-bound (Table 19). The 
total -SH groups showed a rise in their number in all the 3 regions being significant 
(p<0.001) for CBL and BS but there was no change in the free -SH groups of CB 
while CBL showed an 18% increase and a 17% decrease in free -SH groups in BS. 
Table 19 
Effect of diazepam on total and ncm-protein thiol content in 
different r^ons of rat brain (Groiq) IV). 
T-SH NP-SH 
(funoles -SH/g firesh tissue wt) 
Brain regions Control Treated Control Treated 
CB 12.202±0.410 13.923±0.164* 1.398±0.004 1.204±0.048* 
CBL 6.801±0.103 10.475±0.307^ 0.757±0.013 0.899±0.023'' 
BS 8.376±0.015 9.504±0.075'' 0.734±0.011 0.606±0.007* 
Values are arithmetic mean ±S.D. of six determinations in eadi case. 
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Fig. 20: Changes in mitochondrial ghitathione reductase activity 
in group IV rat brain regions. 
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Fig. 21: Gianges in glutathione reductase activity in PMFs of 
group IV rat brain regions. 
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Once again, the pro- and antioxidant status was examined 7 days after the 
last dose of 3 weeks' treatment (Group IVa) to allow the drug to eliminate from 
the system. The level of lipid peroxidation as shown in Table 20 records a significant 
decrease in all the 3 regions, being 38% for CB and 53% each for CBL and BS in 
the mitochondrial fraction v^ereas the post-mitochondrial fraction showed a non-
significant change in CB and a 60% decrease in TBARS in CBL and a highly 
significant (p<0.001) rise in MDA formation in BS of this fraction. Fig. 22 shows 
the long term effect of the dose (after being excreted out) on the activities of the 
isozymes of SOD (Group IVa). While the Mn-SOD activity of CB remained 
comparable to that of control, there was a moderate decrease in activity of this 
isozyme in BS (14.6%) and a significant decrease in CBL (22%). The Cu/Zn-SOD 
of all the 3 regions showed no change at all (Fig. 23). Table 21 gives apicture about 
the changes in the acti\dty of the thiol reducing enzyme, glutathione reductase. 
While the activity of the mitochondrial enzyme decreased by 58% in CB, 50% in 
CBL and 37% in BS, the enzyme activity in the PMF showed no changes in the 
CB but in CBL (p<0.1) and BS (p<0.02) and moderate changes were observed with 
17% increase in activity in BS was observed. 
Table 20 
Malonalddiyde fonnation at subcellular levd in di£ferent regions of rat brain 7 
days after the last dose of 21 days of treatment vnth 3 mg/l^day of diazepam 
(Groiq) IVa). 
Brain regions 
CB 
CBL 
BS 
nmoles MDA/mg protein/hr 
IVfitochondria PMF 
Control 
0.364±0.028 
0.751db0.122 
0.427±0.079 
Treated 
0.224±0.009' 
0.352±0.049» 
0.199±0.025« 
Control 
0.617±0.20 
1.699±0.033 
0.415±0.015 
Treated 
0.566±0.011 
0.673±0.029' 
1.146±0.021' 
Values are arithmetic mean ±S.D. of six determinations in eadicase. 
a: pO.OOl. 
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Fig. 22: Changes in Mn-SOD activity after 7 days of withdrawal 
from 3 weeks diazepam treatment (Group IVa). 
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Fig. 23: Changes in Cu/Zn-SOD activity after 7 days of withdrawal 
from diazepam treatment (Group IVa). 
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Table 21 
Effect of withdrawal on activity of glutathione reductase 
in brain r^ons of rat (Group TVa). 
SubceDular fraction 
Mitochondria 
Control 
Treated 
PMF 
Control 
Treated 
Glutathione reductase activity 
(units ] 
CB 
10.935±0.488 
4.498±0.297 
(p<0.001) 
12.742±0.535 
12.093±0.993 
(p<0.1) 
L KH/min/mg protein) 
CBL 
13.844±0.892 
6.846±0.654 
(p<0.01) 
18.893±0.894 
17.643±0.373 
(p<0.02) 
BS 
7.957±0.904 
4.958±0.773 
(p<0.02) 
14.882±0.608 
17.480±0.685 
Values are arithmetic mean ±S.D. of six determinations in each case. 
Table 22 shows that there was a 46% increase in the total number of thiol 
groups in CBL with not so significant changes in CB and BS, while the free -SH 
groups also showed a 28.6% rise in CBL. The free thiol content decreased by 
18.9% in BS and a ne^gible decrease was observed in CB. 
Table 22 
Effect of withdrawal from diazq)am treatment (Groi^ IVa) on total (T-SH) and 
free (NP-SH) -SH content in different r^ons of rat brain. 
Brain Regions 
CB 
CBL 
BS 
T-SH 
(funoles -SH/g fresh i 
Control 
12.202±0.410 
6.801±0.103 
8.376±0.015 
Treated 
11.844±0.269' 
9.932±0.231<' 
8.164±0.429* 
NP-SH 
tissue weight) 
Control 
1.398±0.004 
0.757±0.013 
0.734±0.011 
Treated 
1.226±0.026'' 
0.974±0.011« 
0.595±0.005* 
Values are arithmetic mean ±S.D. of six determinaticMis in eadicase. 
a: p<0.1; b: p<0.01; c: p<0.001. 
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Discussion 
Contrary to the single dose effect of diazepam at subcellular level, repeated 
daily administration of diazepam for 7 days caused a decrease in TEARS in the 
mitochondria of all the regions of rat brain, the highest being in BS (Fig. 16). In 
the post mitochondrial fraction the decrease was more pronounced wiiich was also 
highest in BS. Unlike the single dose treatment, repeated administration of diazepam 
accorded protection against peroxidative decomposition of polyimsaturated fatty 
acids. However, thelevelofMDA was found to be significantly increased 7 days 
after the last injection of diazepam. The antioxidant enzyme, Mn-SOD activity 
showed a slight increase in CBL and BS whereas Cu/Zn-SOD activity showed a 
highly significant increase in these regions (p<0.001; Tables 11 and 12). InCB 
a moderately significant decrease in Mn-SOD and a slight decrease in Cu/Zn-
SOD was observed. 
Glutathione reductase activity (Tables 13 and 14) showed a coordinated 
expression of the enzyme activity. Mitochondria of CBL and BS showed highly 
significant increase in GR activity whereas in the PMF a significant decrease was 
observed. Cerebrum showed just the reverse pattern i.e. a decrease in activity in 
mitochondria and an increase in PMF. The data shows that in CBL and BS, GR 
activity was decreased in PMF while Cu/Zn-SOD activity increased whereas 
mitochondria had enhanced GR activity and not so significant increase in Mn-
SOD in these regions. Thus, modulation of antioxidant enzymes on repeated 
administration of diazepam is not only region specific but also organelle specific 
and shows some cooperativity. Also these modulations can explain the protection 
accorded by diazepam against lipid peroxidation. 
Whereas a single dose of diazepam caused significant decrease in Mn-SOD 
in CB and BS and highly significant increase of Cu/Zn-SOD in CBL, repeated 
exposure for 7 consecutive days to the drug causes moderate changes in the Mn-
SOD v i^iile that of Cu/Zn-SOD was significantly increased in CBL and BS v^ch 
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could be due to the body's adaptive mechanism to repeated exposure. The 
adaptive responses including induction of protective en2ymes could be triggered 
on repeated insult. 
The increase in the total number of thiol groups after 7 days of treatment is 
explainable in terms of the h i ^ y significant increase in activity of glutathione 
reductase of CB mitochondria and the PMF of CBL and BS, due to vsdiich the thiol 
groups remain in a reduced state according a certain degree of protection after 
repeated doses of the drug. Consistent with the significant increase in TBARS 
formation 7 days after this short term repeated exposure (Group IQa), the SOD 
activity of isozymes show a significant decrease, especially in the CBL and BS 
v^ch explains the rise in pro-oxidative processes. Thus, though the drug makes 
the system active in counteracting the oxidative stress by the reducing equivalents, 
yet it also impairs the antioxidant en2yme, Mn-SOD which is the mitochondrial 
enzyme, since mitochondria have benzodiazepine receptors at the contact sites of 
outer and inner membranes (Krueger and P^adopoulous 1992). In lowcatalase 
tissues, enhanced SOD can lead to damage by undetoxified OH and so this is kept 
checked. Moreover, the benzodiazepine receptor has been found to be affected by 
oxygen radicals (Hariton et al, 1989). Once again, the activity of glutathione reduc-
tase after wididrawal from the 7 day treatment, does not show very significant 
changes except that in mitochondria of CB wiiich indicates that this short term 
repeated exposure does not result in very severe withdrawal symptoms. This is 
supported by the report that the appearance of abrupt withdrawal signs usually 
requires prolonged exposure to benzodiazepines; for about one month (Suzuki ef 
al, 1992; Mizoguchi et al, 1994). Thus, these results for low-dose short-term 
repeated exposure to diazepam are in conformity with the common assumption 
diat an increase in symptoms often accompanies withdrawal from BZDS, but 
such symptoms are not so intense as to make withdrawal excessively difficult, at 
least in low dose users (Hayward et aJ, 1996). 
Repeated Administration & Withdrawal |04 
To further confirm the above results, this low dose was repeated for 21 
days and then abruptly terminated and the total thiols of all the 3 regions measured 
which showed increase in number whereas the fi"ee-SH did not show considerable 
changes except a 17% reduction in BS (Table 19). Even though the mitochondrial 
GR was considerably reduced, there were no changes in the PMF except in the BS 
which showed a marginal increase inactivity (Table 21) indicatingthat the redox 
system is still adaptable even after a longer duration of exposure. Diazepam 
v^en administered i.p. to rats concurrently with the intrahippocampal antisense 
treatment has been found to induce protection against the hippocampal 
neurodegeneration (Karleef al, 1997). The differences foimd in the mitochondrial 
and post mitochondrial firactions could be due to the fact that more than 50% of 
the peripheral BZD receptors (PBRs) are not associated with mitochondria (Cahard 
e/a/, 1994). 
Oxidative stress to membranes increases the accessibility of beta-receptor to 
hydrophobic but not to hydrophilic ligands (Vliet and Bast, 1992;Kanekoefa/, 
1991). Peroxidation of membrane lipids, leading to an altered membrane viscosity, 
might affect coupling of the receptor to the effector system (Kramer et al, 1986; 
Haenen et al, 1990). The chronic treatment (21 days) shows a rise in TBARS in 
the mitochondrial fraction (Table 17) to a considerable extent in CBL and BS which 
could be the reason for the undesirable effects accompanying chronic administration 
with expression of withdrawal signs when BZD treatment is abruptly terminated 
(Lader, 1994) whereas there is a decrease in LPO in the group withdrawing firom 
the drug (Table 20) except the PMF of BS wiiich shows a tremendous increase in 
the level of TBARS. This indicates that the system has normalised fi-om the insult 
except the brain stem region, which once again proves that BZD withdrawal is not 
excessively difficult in low doses (Hayward et a/, 1996). The SOD activity docs 
not show any major changes and is only slightly lowered in the withdrawing 
group. This data cannot be correlated with the changes in LPO, since SOD alone 
Repeated Administration & Withdrawal inc 
is not equipped well enough to counter the free radical onslaught and works in 
conjunction with catalase but the level of catalase in brain is very low. Moreover, 
a number of studies suggest that anxiolytic BZDs reverse or attenuate stress-
induced inununosuppression e.g., chronic treatment (1 mg/kg/day) with diazepam 
has been shown to protect mice against the stress- induced decrease in (1) thymus 
cellularity and weight (2) peripheral blood count etc. (Zavala et al, 1991; Zavala, 
1997). The reversal to normalcy, 7 days after the last dose is in conformity with the 
near to disappearance of withdrawal signs by 159-168 hrs after the diazepam 
withdrawal in rats treated to DZ-admixed food for 30 days(Toki ef a/, 1996) and 
in the same rats, the withdrawal scores were maximal at 39-45 hrs after diazepam 
withdrawal as also shown by Chugh et al (1992) that rats chronically treated with 
diazepam (20 mg/kg i.p. for 3 weeks) on abrupt termination of the drug showed 
withdrawal hyperactivity reaching peak effect 3 days after withdrawal of diazepam. 
The prooxidative and antioxidative changes observed could be supported by 
the report that the BZD receptor which is linked to GABA receptors is affected by 
oxygen radicals and treatment with SOD resulted in a decreased [3H] flunitrazepam 
in rat brain (Hariton et al, 1989). It is also known that diazepam and 
halazepam in large doses produce a dose related liver toxicity, while other BZDs 
do not (Sloan, 1994). 
The subcellular changes during withdrawal are explainable because BZD 
receptors located in CNS are involved in behavioural withdrawal syndrome 
(Bonnafous and Bueno, 1994) the physical dependence on BZDs is complex and 
involves many systems of the brain and results in many signs when they are 
withdrawn. The present study has taken up only one aspect. 
Diazepam, inspite of producing some neurotoxicity in rat pups has been 
shown to reverse elevations in amino acid levels in the CBL produced by pyrethroids 
(Kallman et al, 1990). The apparently differential response to diazepam could be 
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due in part to differences in the proportion of peripheral benzodiazepine receptors 
expressed on mitochondria compared with oflier subcellular localizations (Cahard 
et al, 1994) and also to difference in the access of the ligand to binding sites in 
different subcellular compartments (Zavala, 1997). 
Further, BZD withdrawal has been found to alter the neurochemical and 
behavioural response to a subsequent stressful experience, which indicates that 
BZD withdrawal reduced the ability to develop an adaptive response to stress 
(Martijena etal, 1996). 
The cerebellum in particular does not show any clearly indicative results, 
which is in keeping with the currently recognized paradox that inspite of it having 
80 to 85% of all human neurons (Lange, 1975) and its microdrcuitry and 
anatomical interconnections with the rest of the brain, it is still not exacdy 
proven what the CBL does (Herrup and Kuemerle, 1997). In keeping with the 
results of this study, the CBL has not been further studied in this dissertation. 
Summary 
Studies were undertaken to ascertain the role of pro/anti oxidative processes 
during a low, sub toxic dose schedule in short and long term exposure in different 
re©.ons of rat brain at the subcellular level. The results indicate heterogeneity in 
the regional responses as well as in different subcellular compartments after 7 
consecutive days of treatment with diazepam (3 mg/kg) with only a slight change 
in the Mn-SOD activity in the 3 regions while a significant (p<0.001) increase in 
Cu/Zn-SOD activity in CBL and BS. The GR activity in mitochondria of CBL and 
BS also showed a highly significant (p<0.001) increase wiiile in the PMF only CB 
showed a significant rise in activity and the activity decreased to a considerable 
extent in CBL and BS (p<0.01). An overall stress adaptive response in animals 
exposed to the drug regularly is observed where the level of TBARS is moderately 
decreased (pO.l) in the mitochondria of CBL and BS(27% and 48% respectively) 
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and significantly decrease in CB. Significant lowering ofTBARS was observed 
inPMF of all the three regions. Significant rise (p<0.001) in total thiols (61% in 
CBL) was seen in treated animals whereas no significant change was observed in 
fi-ee thiol content. In the group of animals withdrawn fi*om the drug for 7 days, a 
1.82 fold increase in TBARS formation in mitochondria of CB was observed wiiile 
PMF showed a 3.68 fold enhancement. Highly significant (p<0.001) increase in 
MDA levels was seen in both the fractions of CBL and BS as well. On the other 
hand highly significant (p<0.001) decrease in both the isozymes of SOD was 
seen in CBL and BS and a moderately significant decrease in CB. There was a 
36% lowering of mitochondrial GR activity in CB. Thus after withdrawal of the 
drug suppressed antioxidant defences could be the reason for enhanced TBARS 
formation. A 3 weeks consecutive treatment with diazepam showed a different 
trend with lowering in TBARS formation in mitochondria of CB wiiile those of 
CBL and BS showed enhanced MDA levels. The SOD isozymes in this group 
showed stability in the activity. The mitochondrial GR activity showed a decrease 
in all the 3 regions with maximum decrease (36%) recorded in BS wiiile PMF 
showed significant (37%) lowering in CB. The total -SH content increased in all 
the regions being highest (p<0.001) in CBL wiiile the free -SH groups showed 
significant (p<0.001) changes in CBL and BS. In the animals withdrawn from the 
drug for 7 days after a 3 week treatment schedule the MDA level decreased by 
38% in CB and 53% each in CBL and BS mitochondrial fractions which was 
contrary to what was observed in animals withdrawn from the drug after 1 week 
of treatment. In the PMF a 60% decrease in CBL and a highly significant (p<0.001) 
increase in BS was observed The Mn-SOD showed lowered activity in CBL 
(22%) and BS (15%). The mitochondrial GR activity decreased in all the regions 
being highest in CB with no significant change in GR of PMFs. The total -SH 
content in the withdrawn animals increased by 46% in CBL with no change in CB 
and BS v^Me the free -SH groups also showed a similar pattern. The results 
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indicate towards lower oxidative phenomenon during long tenn treatment with 
diazepam wiiile abrupt withdrawal causes lowering of antioxidant defences vs^ch 
showed regional heterogeniety alongwith a decrease in peroxidative decomposition 
of polyunsaturated fatty acids of membranes which could be due to stabilisation of 
membranes after long-term binding of diazepam. However, in the animals withdrawn 
from one week's treatment, PUFA were more vulnerable to peroxidation as well as 
lowering of key antioxidant defence enzymes. 
CHAPTER-III\ 
Studies on Brain Mitochondria in Relation to 
Calcium and Membrane Changes Due to Diazepam 
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Introduction 
Nfitochondria are convenient test models for understanding any interrelation 
between oxidative stress and caldum functions being a major site of formation of 
active oxygen species, along with ready availability of transition cations (Mattson, 
1998), and an organelle of importance in intracellular calcium homeostasis 
(Takeyama et al, 1993). Working with isolated mitochondria is also an ideal 
reductionist approach to answer the above question, uninterferred by many 
physiological factors influencing calcium influx and e£Qux and associated 
metabolic changes. Earlier studies in this laboratory, with freshly isolated rat 
liver mitochondria led to considerable new information on oxidative calcium 
deregulation through following TEARS formation, antioxidant profile, in vitro 
swelling and ultrastructural observations (Mehrotra et al, 1991,1993; Kakkar et al, 
1992,1996). 
Moreover, there are reports on the cerebral cortex, hippocampus and other 
regions of cerebrum and the brain stem being affected in acute and chronic 
diazepam treatment as well as during withdrawal (Lidow e/a/, 1998;£ghbali 
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et al, 1997; Told et al, 1996; Andrews et al, 1992a), and the uncertainty about the 
actual functions and role of cerebellum (Herrup and Kuemerle, 1997). Therefore 
in this chapter the effects of diazepam administration on mitochondria of cerebrum 
and brain stem has been studied. 
Some of the studies reported in the previous chapters of this dissertation 
also show the involvement of mitochondrial processes in diazepam mediated 
effects. In view of these, some of the questions regarding the central theme of this 
tiiesis were investigated using status ofcaldum in the organelle through fluorescent 
dye (Fura-2 AM) binding, any altered phospholipid turnover and following the 
swelling pattern of mitochondria. It may be pointed out that in an earUer study with 
brain tissue, an increased formation of lysolecithin was observed following pheno-
barbitone administration (Awasthi era/, 1991). Thus attempts have also been 
made to estimate the phospholipid turnover in diazepam treated rat brain, since 
diazepam does not cause gross CNS intoxication (Gilman, 1991; 1995). Any change 
in structural and functional aspects of the organelle as a result of in situ generation 
of active oxygen species has also been studied in detail by transmission electron 
microscopy (TEM) alongwith assay of inner and outer membrane maricer enzymes. 
A possible leakage of protein during ROS generation has been tested by SDS-
Polyacrylamide gel electrophoresis of diazepam treated mitochondria. 
Materials and Methods 
The experimental details were normally same as in earlier chapters and only 
the details of the additional experiments are given here. 
Diazepam Treatment 
The diazepam treatment in the following studies was both in vivo and in vitro. 
For in vivo studies, the 3 mg/kg i.p. dose was administered an hour before sacrificing 
while for the in vitro experiments, the isolated mitochondria were subjected to 
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doses lower and higher i.e., 1 mg/kg and 9 mg/kg to confirm the protective as well 
as harmful effects of the drug. The details of drug administration are gj\en with 
each experimental procedure described below. 
Mitochondrial Swelling 
The mitochondria were isolated as described earlier, unless specified otherwise 
according to the protocol for the experimental procedures, as specified: 
Effect of diazepam on mvi/ro swelling of isolated mitochondria firom brain 
regions and Uver of rat was carried out according to the spectrophotometric 
method of Lehninger et al (1959) using Milton Roy Spectronic 1001 
spectrophotometer. 2 mM CaCl^  was used as swelling agent. Hypoxanthine 
(SxlO'^ M) and xanthine oxidase (0.025 units) system was used for the generation 
of superoxide anion. To study the quenching effect, superoxide dismutase (SOD) 
(70 units) was used as scavenger of superoxide radical. The effect of diazepam on 
fi-ee radical generation and swelling of mitochondria was studied by preincubating 
for 2 mins. The swelling was recorded at 520 nm as decrease in the optical density 
at 1 minute interval for a period of 5 minutes at room temperature. 
Incorporation of '^^ C-choIine in Phospholipids 
A group of four albino rats were given diazepam (3 mg/kg body weight, i.p) 
and 0.2 ^d of "C choline chloride was injected per animal. Another set of 4 animals 
were given normal saline (i.p.) and 0.2 nci of '^'C choline chloride in the same 
manner. The animals were sacrificed after 1 hour of "^"C choline injection, brain 
was immediately taken out and processed. All operations were carried out under 
cold conditions (0-4 °C). Mitochondria were prepared in 0.15 MKQ according 
to the method of Mustafa (1974). 
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Lipid Extraction and Separation 
Lipid extraction of the mitochondria of CB and BS was done by the method 
of Folchef a/(1957) as modified by Suzuki (1965) and lyophilised on HetoFDS 
Drywinner lyophiliser. Separation of different classes of phospholipids on thin 
layer silica gel chromatography plates (E. Merck) was done by the method of 
Horrocks and Sun (1972) using chloroform:methanol: glacial acetic acid: water 
(65-.25 •.4:1) as solvent system and compared with standards of lecithin and 
lysoledthin. 
Measurement of Radioactivity 
Radioactivity was counted in mitochondrial fi^action of BS on Rack Beta 
counter (LKB, Sweden, Model 1215/1216). The composition of the scintillation 
cocktail was 52g Naphthalene, 2.25g 5-diphenyloxazole, 65 mg, 1,4 bis-(5-
phenyloxazolyl) benzene, 250 ml dioxane, 150 ml methanol and 250 ml toluene. 
Standards of "C choline chloride were treated similarly. 
Measurement of radioactivity in lipid fraction 
Radioactivity was measured in lipid fi-action as well as in different groups 
ofphosphohpids ofBS mitochondria by eluting the phospholipid spot from TLC 
plate in chloroform. Same area of unstained portion on silica plate was also eluted 
and used as control. The eluted phosphoUpid fi-actions were centrifuged, suspended 
in scintillation fluid and radioactivity determined. 
Calcium Content of Mitochondria from Brain Regions Following 
7/1 vitro Concentration and Time Dependent Diazepam IVeatment 
The mitochondria were isolated in 0.32 M sucrose. Isolated mitochondrial 
suspension (~0.2 mg protein) was incubated with diazepam, diluted to 1 ml with 
incubation buffer and then 4 ^M of Fura-2AM was added. These Fura-2 AMloaded 
mitochondria were then incubated at 37 °C for 20 mins. in a shaking water bath.This 
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was then diluted to 9 ml with incubation buffer and again incubated for another 25 
mins. at 37 °C according to the method of Martin et dl (1991). This diluted 
preparation was centrifuged at 17,800g for 5 mins. The pellet was suspended in 2 
ml incubation buffer which contains all the ingredients of the assay buffer (described 
below) with the addition of 0.64 mM NaH^PO .^ 0.5 ml of this suspension was 
further centriftiged at 12,000g for 2 mins. The mitochondrial pellet was then 
suspended in 2 ml assay buffer (containing 124 mM NaCl, 4 mM KCl, 0.66 mM 
KjHPO ,^ 15.2 mM NaHCO,, 20 mM HEPES, 5.56 mM glucose, 1.2 mM MgCl^  
and 1 mM CaCl^ ). The ratio of fura-2 AM fluorescence at excitation wavelengths 
of 340 and 380 nm with emission at 510 nm was determined at 32 °C using a 
Perldn-Elmer LS50 spectrofluorometer and associated software for fura-2 
measurements. After obtaining a baseline reading, 20 nl of 0.1% SDS, 30 ^l of 
0.5 mM Tris and 20 y\ of 1 mM EGTA (final concentration) were added to the 
cuvette to disrupt the mitochondria. This gave the F_^ (minimum ratio of 
fluorescence at 340:380). The F^^ (maximum fluorescence ratio) was determined 
after addition of 125 ^1 of 6 mM (final concentration) of CaClj. 
For the dose-dependent assay, 0.088 i^M, 0.176 ^M and 0.7 i^M diazepam 
for CB and 0.044 ^M, 0.088 ^M and 0.35 i^M for BS was taken whereas for time 
dependent assay, 0.44 yM (for CB) and 0.29 i^M (for BS) of diazepam was added 
for 0,5,10 and 15 mins. before adding Fura 2 AM (in DMSO). The calcium 
concentration was calculated as described by Grynldewicz et dl (1985) by the 
equation: 
[Ca^] = Kd (F-F^/F^-F) R 
M/here Kd is the dissociation constant for fura-2/Ca^ complex (224 nM). 
R = Sf/Sbj calculated by the method of Tiang et al (1993) using EGTA-MOPS buffers. 
S^ is the fluorescence intensity of the dye at 380 nm when [Ca^] = 0 and Sb^  is that at [Ca^] 
saturation (Ca^ saturated buffer contains 1 mM free Ca^). 
This viscosity correction factor was used to correct for alteration of fura-2 
due to the intracellular environment (Poenie, 1992). 
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F is the ratio of basal calcium concentration at 340 and 380 nm excitation 
and 510 nm emission. 
F and F . are the ratios obtained in Ca^ saturated and Ca^ free buffers 
max mm 
respectively at the above wavelengths. 
Transmission Electron Microscopy 
After pelletting by centrifiigation in isotonic sucrose medium, (SEE) 
containing 150 mM sucrose, 10 mMHEPES (pH 7.4), 1 mg/ml BSA. 0.5 mM 
EDTAand0.5mMEGTA(Leeefa/, 1993) the mitochondria from control and 
treated rats were washed withsodiimi cacodylate buffer and suspended in 2.5% 
glutaraldehyde (fixative agent) for an hour or two and washed twice witii sodium 
cacodylate buffer. The material was fixed in osmium tetraoxide, washed with the 
same buffer and dehydrated with acetone. For embedding, araldite 502 (resin), 
DDSA and DMP (all Ladd, USA) were used and sections were cut using LKB 
ultratome. After treating with KOH solution and washing with distilled water, 
the sections were stained with uranyl acetate and examined on PhiUips 400 
transmission electron microscope. The entire procedure was carried out according 
to the methodology of Hayat (1981). The mitochondria subjected to in situ generation 
of Oj"- and preincubated with diazepam were centrifiiged after the incubation period 
and fixed in the same manner. 
Cytochrome c Oxidase Assay 
Cytochrome C oxidase in the mitochondria was assayed by the method of 
Cooperstein and Lazarrow (1951). The assay system contained 1.0 ml of 0.2 M 
phosphate buffer, pH 7.4; 0.45 ml of 1x10"* M ferrocytochrome c solution (the 
cytochrome c solution was reduced with sodium dithionite), 1.5 ml H^ O and 
0.5ml of appropriately diluted mitochondrial suspension (the stock suspension was 
2.5 to 5 fold diluted with 0.25 M sucrose). The decrease in O.D. at 550 nm was 
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followed at 30 sec. intervals for 2 minutes. The initial rate of the reaction in 
^moles was calculated according to Yonetani (1961), using 19.1xl(Pcm"^ molar 
extinction coefficient. 
Determination of Monoamine Oxidase Activity 
MAO was determined in mitochondria both in vivo and in vitro (3 
mg/kg dose for 1 hour) by the method of Tabor et al (1954), using 
benzylamine as substrate. O.D. at 250 nm due to benzaldehyde formation 
was converted to nmoles by using the molecular extinction coefficient of 
benzaldehyde (1.3x10'* M-'cm'*). 
Determination of Protein Leakage from Mitochondria by SDS-PAGE 
The sodium dodecyl sulphate - polyacrylamide gel electrophoresis (SDS-
PAGE) of mitochondria was done after incubating freshly isolated CB and BS 
mitochondria (suspended in Tris-HCl buffer, pH 7.4) with xanthine (0.5 mM) and 
xanthine oxidase (0.056 units), that were either pretreated with diazepam (0.5 mg) 
or the same dose being given after the oxidative stress caused by xanthine-
xanthine oxidase. The same schedules were also followed for 100 ^M tBHP 
(another positive control for oxidative stress) in a 2 ml of final assay system. After 
5 minutes of incubation under the above conditions, the mitochondria were 
centrifiiged at 10,000 rpm for 5 mins and the supernatant was quickly decanted. 
The mitochondrial pellets were suspended in Ix running buffer (0.025M Tris-
0.192M glycine, pH 8.3) containing 0.1% SDS and 1/4 volume of 5x sample buffer 
(IM Tris, pH 6.8, 10% SDS, 50% glycerol, 0.25 ml of p-mercaptoethanol, 0.1% 
Bromophenol blue). The supematants were subjected to sucrose dialysis to remove 
inorganic salt interference and concentrate protein (ifany). The residue after dialysis 
was also suspended in Ix running buffer and sample buffer was added as above. 
These samples were then stored as 30 ^1 aliquots at -20 °C. Before loading the 
samples, they were kept in a boiling water bath for 10 minutes. 
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SDS-polyacrylamide separating gel (12.5%) and 5% stacking gel were 
prepared and SDS-PAGE of both the mitochondrial as well as of their respective 
supematants was carried out according to the method of Laemmli (1970) in Ix 
running buffer. The gel was polymerised using 6.25 ml of solution A (29.2% 
acrylamide + 0.8% N,N' methylene bisacrylamide) 5.625 ml of 1 M TrispH 8.8, 
2.59 ml of HjO, 15 ml of 10% SDS, 0.3 ml 50% glycerol, 7.5 ^1 TEMED and 75 1^ 
of fresh 10% Ammonium persulphate (APS) fresh. After polymerization, it was 
layered with stacking gel using 0.5 ml of solution A, 0.5 ml of IM Tris (pH 6.8), 
40 i^l SDS (10%), 2.93 ml H^O, 3.125 ^1 TEMED and 31.25 ^1 APS (10%). 30 1^ 
of sample was loaded after gel polymerisation using 1 mm comb and spacers and 
run at 24 mA constant current. The gel was stained with 0.17% coomassie 
brilliant blue R-250 (prepared in 50% methanol and 10% glacial acetic acid) and 
left overnight. This was then destained in methanol (10%) and glacial acetic acid 
(10%) until bands appeared. 
Results 
Effect of Diazepam on Swelling of Mitochondria In vitro 
Effect of diazepam on in vitro swelling of isolated mitochondria of brain 
was studied and compared to its effect on swelling of liver mitochondria as 
diazepam is metabolised in liver. Isolated mitochondria from brain were subjected 
to calcium induced swelling (Fig. 24). As is evident from the figure, addition of 
2mM Ca^ * to the assay system induced swelling of mitochondria which was 
reduced in the presence of 5 ^ g diazepam which was 3 0.76% lower than its control. 
Fig. 25 shows the effect of in situ generation of superoxide radical on rat brain 
mitochondria. In the absence of externally added calcium ions, superoxide radical 
generated due to the reaction of hypoxanthine and xanthine oxidase could itself 
cause swelling of mitochondria which was reduced by 21.4% in the presence of 
70 units of superoxide dismutase. Diazepam in the presence of superoxide generating 
system could not show any effect on oxidative swelling of brain mitochondria 
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Fig. 24: Effect of diazepam (5 \ig) on CaCl, (2 mM) induced 
swelling of isolated rat brain mitochondria. 
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Fig. 25: Superoxide induced swelling of rat brain mitochondria. 
Effect of SOD and diazepam (5 |i.g) on Op induced 
swelling. 
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Since liver mitochondria possess peripheral benzodiazepine receptors and 
diazepam is metabolized in liver causing activation of biotransformation enzymes, 
its effect on isolated liver mitochondria was also monitored. In comparison to brain 
mitochondria, 2 mM CaCl^  could cause large amplitude swelling of rat liver 
mitochondria as is evident from Fig. 26. Preincubation with 5 ng of diazepam 
could reduce the swelling of mitochondria by 46% thus giving some protection to 
mitochondrial membrane impermeabihty against changes in calcium fluxes. Unlike 
rat brain where diazepam did not show any effect on oxidative swelling of 
mitochondria, in liver, a dose dependent protection against oxidative swelling of 
mitochondria was observed. Fig. 27 shows that 0.05 mg of diazepam reduced the 
oxidative swelling to 75% of that of corresponding control whereas 0.1 mg and 
0.15 mg reduced it to 43.7% and 50% respectively of that of control. The data 
shows definite intervention of calcium and free radical induced swelling of hver 
mitochondria by diazepam, thus indicating towards its effects being mediated 
by ROS involving membrane integrity and calcium fluxes. 
Mitochondrial calcium ion changes 
Fig. 28 shows the changes in calcium ion concentration within the 
mitochondria of CB at different concentrations of diazepam m vzm? for 5 minutes. 
Upto 0.17 nM diazepam, there were no changes in [Ca^], but at 0.7 ^M of 
diazepam, there was a two fold increase in the [Ca^] inthe CB A;vdiereas a different 
trend was observed in tiie BS mitochondria (Fig. 29). There was an uptake iq)to 
0.088 ^M of diazepam followed by release at 0.35 ^M in BS. Fig. 30 gives an 
accoxmt of the time dependent changes in [Ca^] in the mitochondria of CB andBS. 
Cerebral tissue showed an increase initially for 5 minutes but there was a 
dramatic increase in the next five minutes followed by a sudden drop in the [Ca""] 
finally after 15 minutes of incubation with diazepam before adding die ^ e . However, 
BS showed a gradual uptake without release even after 15 minutes of incubation 
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Fig. 26: Effect of diazepam (5 (xg) on CaClj (2 mM) induced in 
vitro swelling of rat liver mitochondria. 
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Fig. 27: Effect of different concentrations of diazepam on O^ ' 
induced swelling of rat liver mitochondria. 
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0.7 nM DZ Control 
0.088 iiM DZ 
0.176 fiM DZ 
Fig. 28: Changes in CB mitochondrial [Ca^*] at different concentrations (nM) of 
diazepam {in vitro). 
Mitochondrial Calcium d Membrane Changes 123 
0.35 uM DZ Control 
0.088 uM DZ 0.044 uM DZ 
DZ: Diazepam 
Fig. 29: Changes in BS mitochondrial [Ca^*] at different concentrations 
of diazepam (in vitro). 
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Fig. 30: lime dependent changes in [Ca^] in the mitochondria 
of CB and BS due to diazepam (0.44 ^M for CB and 
0.29 pM for BS) usmg Fm a^-ZAM fluorescent dye. 
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with diazepam (0.29 \LM). The concentration ofdiazepam was used according to 
the mitochondria present in the incubation system Thus, Fig. 30 indicates towards 
greater calcium buffering capacity of BS mitochondria as compared to the CB vihsre 
a sudden coll^se of the mitochondrial membrane impermeability is indicated after 10 
mins. On the other hand, CB mitochondria could hold 21 times more Ca^/mg protein 
as compared to the BS mitochondria but for a shorter duration of time. 
Ultrastructural Studies 
Studies were carried out in mitochondria subjected to oxidative stress and 
preincubated with diazepam to see its effect on structural integrity of mitochondria. 
Plate 2 shows mitochondria of the cerebral tissue after 1 hour of treatment 
with 3 mg/kg dose of diazepam. The mitochondria, though still intact, show a 
slight change in shape in terms of the outer membrane and the cristae are also not 
as well organised as in the control picture (Plate 1). Plate 3 a shows the shape of 
CB mitochondria 18 hours after administration of the drug (3 mg/kg) and there 
is a clear revival of the shape although the cristae have become thread-like and 
elongated which is more clear at higher magnifications (Plate 3b). This may be 
due to the fact that BZD receptors are on the contact sites of outer and inner 
mitochondrial membrane and after the initial insult, the drug on binding to its 
receptors has provided a certain amount of protection, ^\ilereas at a higher dose (15 
mg/kg) for 1 hour (Plates 4a and 4b) there seems to be nearly 80% degeneration of 
mitochondria Preparation artifacts are also seen in the pictures. This is in con-
formity with the earlier Fura-2 binding studies indicating Ca^ efflux from 
mitochondria at higher concentrations of diazepam leading to membrane changes. 
Plate 6 shows the mitochondria of BS after an hour of the 3 mg/kg dose of diazepam 
The outer membrane is only slightly deshaped while the cristae show a cartain 
amount of disorganisation in comparison to the untreated samples (Plates 5a and 
5b) vAiexQ the cristae are well organised wdiich is dilBfCTent fi-om the effect shown 
in CB. But an hour after the 15 mg/kg dose (Plate 7) the mitochondria of BS show 
highly swollen cristae and the outer envelope evaginates and disrupts. 
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Plate 1: CB mitochondria (untreated) at 18,500 x magnification. 
Plate 2: CB mitochondria 1 hour after 3 mg/kg of diazepam {in 
vivo) at 18,500 X magnification. 
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Plate 3a: CB mitochoudria 18 hours after 3 mg/kg of diazepam 
administratiou {in vivo) at 8,200 x magnification. 
Plate 3b: CB mitochondria 18 hours after 3 mg/kg of diazepam 
administration (in vivo) at 18,500 x magnification. 
Mitochondrial Calcium <&. Membrane Changes 128 
^M "~9S1 
Plate 4a: CB mitochoudria 1 hour after 15 mg/kg of diazepam {in 
vivo) at 8,200 x maguification. 
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P/afe '/ft; CB mitocliondria 1 hour after 15 mg/kg of diazepam (in 
vivo) at 18,500 X maguificatiou. 
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Plate 5a: Mitochondria of BS (untreated) at 18,500 x magnification. 
>P/ate 5b: Mitoclioudria of BS (untreated) at 49,000 x maguificatiou. 
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Plate 6: BS mitochondria 1 hour after 3 mg/kg of diazepam {in 
vivo) at 18,500 x magnificnlion. 
Plate 7: BS mitochondria 1 hour after 15 mg/kg of diazepam 
administration {in vivo) at 49,000 x magnification. 
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Since the changes in BS due to diazepam administration are more pronounced, 
in vitro superoxide generation with xanthine and xanthine oxidase system was 
done and mitochondria were incubated with and without diazepam. Plate 8 shows 
disruption of inner membrane and cristae disorganisation alongwith swelling of 
mitochondria and breakage of membrane with loss of matrix material whereas 
with 0.5 mg diazepam (Plate 9a) added prior to in vitro oxidative insult, the 
mitochondria seem to be protected with only a sligjit disorganisation in the cristae, 
that too in only a few mitochondria which is well pronounced at higher 
magnifications (Plate 9b). Thus, in this region diazepam accords protection against 
oxidative stress to the outer membrane and the disruption of the inner structure is 
in keeping with the results of the single dose of 3 mg/kg for 1 hour in this region. 
On comparison of CBL mitochondria from untreated rats (Plate 10) with that 
fi-om rats subjected to single 3 mg/kg diazepam dose for 1 hour (Plates 11a and 
lib) mitochondria are not as deshaped as those observed for CB and BS and the 
cristae have also maintained their organisation though they are not absolutely 
without any effect. Whereas at 15 mg/kg dose, mitochondria fi'om cerebellum even 
after 18 hours show highly swollen, blebbing cristae (Plates 12a and 12b) as is 
evident fi"om these sections on a different plane. 
Assay of Mitochondrial Membrane Integrity Using Mariner Enzymes 
To test the involvement of outer membrane of mitochondria during diazepam 
administration, the activity of the outer membrane marker enzyme, monoamine 
oxidase (MAO) was assayed by in vitro (Table 23) and in vivo (Table 24) 
administration of diazepam. At a dose of 1 mg/kg, 3 mg/kg and 9 mg/kg DZ, MAO 
activity in CB is slightly increased as compared to controls, and is nearly the same 
at all the doses while in BS, there is a significant decrease (p<0.001) at 1 mg/kg 
and 9 mg/kg dose. At 3 mg/kg, though it is slightly higher as compared to the other 
2 doses, yet it is 28.38% lesser as compared to control, whereas due to in vivo 
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Plate 8: BS mitochoudria treated with 0.5 mM xanthine + 0.25 U 
xanthine oxidase at 18,500 x magnification. 
^ It k '4C 
Plate 9a: Diazepam (0.5 mg) pretreated BS mitochondria 
subjected to in situ O^ generation (0.5 mM xanthine + 
0.25 U xanthine oxidase) at 18,500 x magnification. 
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Plate 9b: Diazepam(0.5 mg)pretreated BS mitochondria subjected 
to in situ Oj generation (0.5 mM xanthine + 0.25 U 
xanthine oxidase) at 49,000 x magnification. 
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Plate 10: Untreated mitochondria of CBL at 8,200 x magnification. 
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Plate 11a: CBL mitochondria 1 hour after 3 mg/kg of diazepam 
admiriistratiou (/// vivo) at 8,200 x magiiificatiou. 
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P/afe lib: CBL mitochondria 1 hour after 3 mg/kg of diazepam 
administration (;« v/vo) at 18,500 x magnification. 
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Plate 12a: CBL mitochondria 18 hours after 15mg/kgof diazepam 
administration {in vivo) at 30,000 x magnification. 
i 
Plate 12b: CBL mitochondria 18 hours after 15 mg/kg of diazepam 
administration {in vivo) at 60,000 x magnification. 
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diazepam administration, there is a significant decrease (p<0.001) in the 
activity in both regions with a greater decrease in CB. This difference in the in 
vitro and in vivo treatments could be due to the difference in availability of 
substrate to the enzyme under both these conditions. 
Table 23 
Effect of diazepam at different concentrations (in vitro) on the activity of 
monoaniine oxidase in rat brain mitochondria. 
Concentration of Diazepam 
(nmoles benzaldehyde formed/min/mg protein) 
Brain regions Control 1 mg/kg 3 mg/kg 9 mg/l^ 
CB 0.266±0.033 0.362±0.020* 0.378±0.028* 0.353±0.035' 
BS 0.539±0.035 0.286±0.041« 0.386±0.096'' 0.265±0.186« 
Values are arithmetic mean ±S.D. of sixdetenninationsin each case. 
a:p<0.01; b:p<0.1; c:p<0.001. 
Table 24 
Effect of diazepam (3 mg/kg b.w. for 1 hoxir) on the activity of MAO in rat brain 
mitodiondria in vivo. 
Brain Regions 
CB 
BS 
nmoles benzaldehyde formed/min/mg protein 
Control Treated 
1.282±0.045 0.930±0.033' 
1.424±0.090 1.013±0.095* 
Values are arithmetic mean ±S.D. of six determinations in each case. 
a:p<0.001. 
The changes in the iimer mitochondrial membrane (IMM) were also looked 
into by assaying the activity of the IMM enzyme, cytochrome c oxidase (Fig 31). 
The in vivo administration of diazepam (3 mg/kg for 1 hour) does not show any 
significant changes in the activity of the mitochondrial inner membrane marker 
enzyme, cytochromes oxidase (Fig. 31) in CB vsMe BS showed a 44% increase. 
In the earlier results also the response of BS mitochondria to diazepam 
administration has been more pronounced as compared to CB. 
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Brain Regions 
I Control B Treated 
Fig. 31: Changes in cytochrome c oxidase activity 1 hr after 
3 mg/kg diazepam admmistration (in vivo) 
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Changes in Turnover of Mitochondrial Membrane Phospholipids 
Since earlier studies from this laboratory showed significant conversion of 
lecithin to lysolecithin due to phenobarbitone administration, indicating changes 
in the membrane phospholipid turnover and functional status of membranes, studies 
were carried out to rule out such an effect due to diazepam. 
The phospholipid profile of the three regions of brain in terms of total 
phospholipids was observed and compared to control animals (Table 25). A highly 
significant increase in the total phospholipid content was observed in cerebral 
tissue which was 2.35 fold higher in diazepam treated rats as compared to their 
corresponding controls. In CBL the increase in total phospholipid content was 62.3% 
more than the control whereas in brain stem it was 49.5% more than the 
corresponding control. The results indicate a higher turnover of phospholipids or 
phospholipid alteration in membranes of treated animals. Attempts were also made 
to see the changes in individual phospholipids qualitatively by doing the thin 
layer chromatography of the isolated lipids of brain regions of both control and 
experimental animals. Plate 13 shows the separation of individual phospholipids 
of cerebrum andBS region on TLC plate. Though a good separation of individual 
phospholipids was achieved no significant change was observed in the treated 
group as compared to controls as is evident from the colour intensity of the spots 
developed. 
Table 25 
Effect of diazq)am administration on the phospholipid content 
of different r^ons of rat brain. 
Total phospholipid content (mg/g tissue wt equivalent) 
Brain regions 
CB 
CBL 
BS 
Control 
20.931±3.215 
24.407±1.947 
37.172±1.723 
Diazepam (15 mg/kg; 1 hour) 
49.285±1.883 
(p<0.001) 
39.623±0.412 
(p<0.001) 
55.593±2.406 
(p<0.001) 
The values are arithmetic mean ±S.D. of six determinatiois in each case. 
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Plate 13: Separation of individual phospholipids of CB and BS on 
TLC plate. 
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Table 26 gives an account of the incorporation of the ^*C label and the 
subsequent counts/min in Ihe lecithin (PC) andlysoledthin (LPC) content of BS 
after separation on the TLC plate, 1 hour after the dose of 3 mg/kg. Since BS was 
found to be affected most by diazepam in the studies carried out so far, this region 
was chosen for furdier studies. Unlike phenobarbitone, the magnitude of conversion 
ofphosphaticfylcholine i.e., lecithin (PC) tolysophosphaticfylcholineLclysoledthin 
(LPC) due to diazepam is much less, PC is only slightly decreased in the treated 
animals whereas there is a non significant increase in the LPC content in the 
treated animals compared to their controls. The PC:LPC ratio in controls was 1.5 
whereas it was 0.87 for tfie treated animals showing very slight activation of peroxi-
dative processes. 
Table 26 
Effect of diazqiam administration (3 mg/t^ 1 hr) on the incorporation of '"C 
choline in brain stem (BS) mitochondria. 
Phospholipids 
Phosphatidyl choUne (PC) 
Lysophosphatidyl choline (LPC) 
'''C-choIine incorporation 
(cpm/mg fresh tissue wdgfat) 
Control Treated 
550±53 358=15 
352±69 411=51 
Plate 14 shows the thin layer chromatographic separation of different classes 
of phospholipids in the BS of diazepam treated (3 mg/kg for 1 hour) and untreated 
animals along with the incorporation of '^*C-choline Only PC and LPC were used 
as standards for identification and the plate shows no significant dLffo-ence between 
the two phospholipids in the treated and control groups. 
Test For Any Leakage of Proteins From Mitochondria During 
Oxidative Stress and Diazepam TVeatment (In vitro) 
The SDS-PAGE of tiie mitochondrial pellets of CB and BS as well as their 
supematants after being subjected to m vi/m oxidative stress (xanthine-xanthine 
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Plate 14: Separation of mitochondrial phospholipids of BS of '"C 
choline + diazepam and only '"C-choliue treated rats. 
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oxidase system and t-BHP) both in the presence (before and after the stress) and 
absence of diazepam (0.05 mg) was done in 12.5% polyacrylamide gel. Plate 15 
shows the SDS-PAGEofCB mitochondria. As is evident from the picture in lane 
2 which shows the protein bands after the xanthine-xanthine oxidase stress in the 
absence of diazepam, certain protein bands are found missing as compared to 
control (lane 1) vsiiereas in lane 3 (diazepam given after the stress) and lane 7 
(diazepam given before the stress), intensity of certain protein bands has reduced 
but the missing and faint protein bands could not be detected in the electrograms 
of the supematants (Plate 16). Plate 17 shows the SDS-PAGE of BS mitochondria 
Lane 2 (xanthine+xanthine oxidase) shows faint bands whereas in lane 3 (diazepam 
before xanthine-xanthine oxidase), though all the bands compared to control are 
present but they are not as sharp. Lane 4 (only diazepam) also shows faint bands 
wiiich fiuther confirms slight membrane changes observed in TEM pictures due to 
diazepam whereas lane 7 (xanthine-xanthine oxidase before diazepam) shows very 
faint bands. Lanes 5,6 and 8 of both CB and BS which have t-BHP (100 \iM) both 
in presence and absence of diazepam (details in pictures) do not show any changes. 
As in CB, the supematants of BS (Plate 18) also do not show any bands, thus ruling 
out any detectable protein leakage from the mitochondria. 
Discussion 
Since oxidative stress is central to cell damage process in many 
neurodegenerative disorders, the present data suggest a central role of 
mitochondrial response to active oxygen species in these processes. A growing 
body of literature (Coyle and Puttfarcken, 1993) suggests that mitochondrial 
dysfimction plays a pivotol role in the neurodegenerative process in a panoply of 
disorders ranging from Parkinson's (deBelleroche et al, 1996) and Huntington's 
diseases to hereditary encephalomyopathies to Alzheimer's (Gsell et al, 1995) 
disease. The data do not suggest any serious irreversible deleterious effects due to 
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Plate 15: SDS-PAGE of CB mitochondria 
1. Control; 2. Xanthine-xanthiue oxidase; 3. Xanthine-
xanthine oxidase + 0.05 mg diazepam; 4. 0.05 mg 
diazepam; 5. 100 ^M t-BHP; 6. 0.05 mg diazepam + 
100 nM t-BHP; 7. 0.05 mg diazepam + xanthuie -
xanthine oxidase; 8. 100 ^ M t-BHP + 0.05 mg diazepam 
11 ririiiia mil -m 
8 % C 6 ^ ^ 2. i 
Plate 16: SDS-PAGE of CB mitochondrial supematants (Lane 
1-8 are same as described for plate 15) 
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Plate 17: SDS-PAGE of B S niitoclioudria 
1. Control; 2. xauthine-xantliine oxidase; 3. 0.05 nig 
diazepam + xautliiue - xanthine oxidase; 4. 0.05 mg 
diazepam; 5 100 i^M t-BHP; 6. 0.05 mg diazepam + 
100 nM t-BHP; 7. xanthine-xanthine oxidase + 0.05 mg 
diazepam; 8. 100 pM t-BllP + 0.05 mg diazepam 
Plate 18: SDS-PAGE of BS mitochondrial supematauts (Lanes 
1-8 are same as described for plate 17). 
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diazepam even though there are reports of genetic toxicity due to benzodiazepines 
(Giri and Baneqee, 1996) as well as malformations, functional deficits and long 
lasting behavioural anomalies due to prenatal BZD application (Karkos, 1991). 
Other experimental data also suggest that prenatal and/or postnatal administration 
ofBZDs at dose levels below those associated with overt signs of neurotoxicity 
produces both short and long-term alterations in rats (De Salvia et al, 1990). 
However, the regional differences in the response and reversibility of the immediate 
response of diazepam are salient features of the present finding. 
The results show a difference in the degree of swelling in brain and Uver 
mitochondria which could be due to difference in availability of the drag within 
the cells' micro-environment, localization of enzyme systems and the cellular 
distribution of antioxidant defense mechanisms. The calcium induced swelling in 
brain (Fig. 24) and liver (Fig. 26) was significantly reduced (30% in brain and 46% 
in Uver) due to DZ administration. During the superoxide-induced oxidative swdling 
of mitochondria, diazepam did not affect brain mitochondria significantly whereas 
liver mitochondria were accorded protection against oxidative swelling in a dose-
dependent manner. Swelling is far less in brain mitochondria as compared to that 
of liver. 
Since this effect of mitochondrial swelling has earlier been shown by Mehrotra 
era/(1991) to be reduced in liver by externally added SOD, the same was tested 
for brain mitochondria \^^ch too showed a fair amount of reduction in 02" mediated 
swelling (Fig. 25). The reason for a greater reduction in O "^ mediated swelling due 
to diazepam in Uver could be due to the presence of much higher amounts of catalase 
in the Uver, A\iiich in contrast, is very low in brain (Jackson et al, 1990; Simonian 
and Coyle, 1996) thereby providing lesser protection due to diazepam in this organ. 
This means tiiat OH formation is more in Uver \Mc\a will be more directly involved 
in membrane changes. 
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Diazepam, like anaesthetics, is known to stabilize receptors (Krueger and 
Papadopoulos, 1992). The TEM picture (Plates 9a and 9b) also shows that Oj"-
mediated disruption of cristae was less in mitochondria treated with diazepam 
prior to in vitro oxidative stress. The data on mitochondrial swelling also shows 
higher level of swelling in liver (Fig. 24) due to externally added calcium compared 
to that in brain (Fig. 26). This may be due to a difference between brain and Uver 
mitochondria in uptake of externally added calcium and also due to quantitative 
variations in aerobic metabolism. 
Further evidence for diazepam influencing calcium transport across 
mitochondria came from Fura-binding studies (Figs. 28-30). Diazepam shows an 
increasing trend in Ca^^-sequestration in the mitochondria of CB with increasing 
doses of diazepam whereas, in BS, the trend was different which is in agreement 
with the differential response in other parameters as well due to regional 
heterogeniety in the brain (Ravindranath et al, 1994). BS mitochondria showed a 
marginal decrease as compared to the untreated samples at 0.044 ^M diazepam, 
but at 0.088 jiM, there was nearly a 2 fold increase in intramitochondrial Ca^ 
sequestration which is in agreement with experiments on synaptosomes from rat 
brain, which show that doses of diazepam ranging from 0.1 to 100 |iM significantly 
enhanced Ca^ levels measured with Fiu^-2, compared to control incubations without 
the drug (Martin et al, 1991a). But at a higher dose of diazepam (0.35 ^M), there 
was an apparent leakage of Ca^ ^ from mitochondria showing Ca^ "^  saturation at this 
dose which could be due to the calcium paradox (Duncan et al, 1992). This 
shows a slight differential response between synaptosomes and mitochondria 
Moreover, lower doses of diazepam are capable of causing larger variations as 
well as showing greater Ca^ sequestering capacity in BS mitochondria as compared 
to CB which further justifies the differential response between the two regions 
shown in the preceding chapters. The above results could be due to the fact that 
isolated mitochondria have a large capacity to accumulate Ca^ and buffer the extra 
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mitochondrial [Ca^ ]^ at around 1 ^M if their calcium content exceeds 10 nmol/mg 
protein (Lukacs and Kapus, 1987). In addition, oxidative stress has also been shown 
to promote Ca^ release from mitochondria (Sandri et al, 1990). In a recent study 
mitochondrial permeability transition was compared in apoptosis and necrosis. 
Loss of mitochondrial membrane integrity was shown to precede caspase and 
nuclease activation in most models of apoptosis (Hirsch et al, 1998). 
Since BS mitochondria have a higher calciimi holding capacity than those of 
CB, as shown by the intramitochondrial Ca^ concentration of the control samples. 
Even after longer incubation time (15 mins), BS mitochondria still hold Ca^ 
without any leakage whereas CB shows a dramatic rise in [Ca^ ]^ at 10 mins with 
subsequent leakage at 15 mins (Fig. 30) which is due to breakdown of membrane 
potential on massive accimiulation of Ca^ (Nicotera et al, 1992a). The concentration 
of diazepam used for BS is lesser than that for CB considering a lower protein 
content in the former. The above observations can be justified with the observations 
by Mendelson e/a/(1984) that pharmacologically relevant concentrations of 
benzodiazepines (<1 fiM) increase ''^ Ca^ uptake into synaptosomes and also that 
diazepam (1 ^M) significantly increased the uptake of'*'Ca^* to a crude synaptos-
omal fraction (P2) prepared from rat cerebral cortex and depolarised with 55 mM 
K*. Thus the pharmacologic action of BZDs may be mediated through effects on a 
calcium channel. In fact the capacitative calcium entry wherein release of calcium 
from intracellular organelles including mitochondria, secondarily signals to the 
plasma membrane, opening plasma membrane calcium channels, has attracted the 
attention of basic scientists as a potential target of therapeutic intervention. 
The activity of mitochondrial outer membrane marker enzyme, monoamine 
oxidase (MAO) shows non-significant increases in CB with in vitro doses of 1 
mg/kg, 3 mg/kg and 9 mg/kg diazepam (Table 23). This is in agreement with the 
electron micrographs of this region which show only slightly deshaped outer 
membrane with 3 mg/kg dose (Plate 2) and a greater but not complete degenera-
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tion at 15 mg/kg (Plates 3a and 3b), Therefore, the 9 mg/kg dose slightly increases 
the enzyme activity wdiich could be due to greater accessibility of the substrate to 
the enzyme since the membrane is still intact. The MAO activity in BS is decreased 
as compared to controls. This could be due to the disruption of outer envelope as 
shown by TEM picture of this region at 15 mg/kg (Plate 7). The TEM pictures 
clearly indicate marked damage by active oxygen species, confirming an earlier 
finding (Mehrotra et al, 1991). Also, structural collapse could be possible due to 
deranged calcium as disruption of mitochondrial membrane integrity has been 
implied to be the decisive factor in cell death process (Hirsch et al, 1998). The in 
vivo diazepam administration caused a decrease in MAO activity in both the regions 
(Table 24). This is supported by the observations of Nishikouri (1995) that the 
brain concentrations of monoamines in 1 day old rats exposed to 5 mg/kg s.c. 
diazepam were increased in comparison to the saline group which shows the 
effect of diazepam on the mitochondrial outer membrane which also possess 
BZD receptors, whereas in a different study (Gol'dina and Gankina, 1988), 
tranquilisers having a BZD structure were found to be inactive with respect to 
MAO of the brain during a comparative study of anti MAO activity of psychotropic 
agents of different classes. 
Diazepam affects both the outer and the inner mitochondrial membranes due 
to the presence of BZD receptors at the contact sites of outer and inner membranes 
which typically cofractionate with inner mitochondrial membrane markers (Krueger 
and Papadopoulos, 1992). This could be the reason for the highly swollen 
cristae of BS at 15 mg/kg (Plate 7) and a slight disorganisation of cristae at 3 mg/kg 
(Plate 6) and also the protective effect of diazepam not being complete after in 
vitro oxidative stress, especially intermsof disorganized cristae, though only in 
few mitochondria (Plates 9a and 9b), yet the inner membrane in this region is not 
completely disrupted. The protective effect of diazepam has been observed in a 
study by Clement and Broxup (1993) vsiiere diazepam given 10 mins before 
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soman a neurotoxicant prevented the occurrence of soman induced convulsions 
and neuropathology (i.e., degenerative changes were not seen tiien). An increase 
(44%) in the activity of mitochondrial inner membrane marker enzyme, cytochrome 
oxidase of BS region was observed (Fig. 29), which could be due to greater 
availability of the substrate to the enzyme whereas the cristae of CB show 
degeneration even at 3 mg/kg diazepam (Plate 2) and even after revival (18 hrs 
after the 3 mg/kg dose), though the outer shape is regained, yet the cristae are 
thread like and elongated (Plates 4a and 4b). This is confirmed by a 32.7% decrease 
in the activity of cytochrome c oxidase in this region, thereby showing a differoitial 
response to diazepam in the two regions. Since CBL mitochondria do not show 
very deleterious effects even at 15 mg/kg (Plate 11a & lib and 12a & 12b), other 
confirmatory parameters were not studied in this region. 
Membrane phospholipids play an important role during any free radical 
mediated mechanism, therefore, the conversion, if any, of lecithin (PC) to 
lysolecithin (PC), observed earlier for phenobarbitone (Awasthi et al, 1991) was 
measured after diazepam administration. The results (Table 26) show ihat diazepam 
reduces the incorporation of "C choline into the PC fraction with a slight increase 
in the LPC:PC ratio in the treated animals compared to their respective controls. 
There is only a marginal decrease in the PC:LPC ratio in the treated animals 
indicated by the rate of "C incorporation into PC which decreases due to 
diazepam and PC gets converted to LPC presumably by the action of PLA,. As 
shown in Table 25 in vivo administration of diazepam in high doses (15 mg/kg) 
caused a dramatic increase in total phospholipid content in all the three regions of 
treated rats. This shows that the amount ofphospholipids including inositol (wiiich 
has not been tested in this study) may have increased in response to diazepam. 
Since this dose causes drastic changes as evident from TEM studies 3 mg/kg 
diazepam (which is the more commonly used therapeutic dose) was used to see 
any subtle changes inPC:LPC ratio. As compared to control animals, the decrease 
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inPC:LPC ratio from untreated to treated animals was 1.5 to 0.87. However, this 
response is much less as compared to phenobarbitone, because diazepam is not a 
strong promoter of oxidative stress in brain as observed earlier in this thesis. The 
structural effect on membranes are also of a lower magnitude. Repeated exposure, 
unlike the above effects on single exposure, reduces LPO and accords protection 
to membrane. This could be due to the fact that unlike single exposure, repeated 
exposure could be causing metabolic adaptation to defend against the stress. It has 
also been indicated earlier (Goswami et al, 1991) that diazepam treatment has 
some protective ability from anoxia-induced imbalance in rat brain glutamatergic 
and GABAergic fimctions. 
Finally, to confirm the protection of mitochondrial membranes by diazepam 
observed thus far, SDS-PAGE of mitochondria subjected to oxidative stress (both 
in presence and absence of diazepam) and their supematants was done to rule out 
any possibility of protein leakage from the mitochondria As shown in Plate 15, 
lane 2 of CB and BS (Plate 17) mitochondria (only xanthine-xanthine oxidase) 
shows either some missing protein bands (CB) or faint bands (BS)vvdiich confirms 
membrane changes due to oxidative stress whereas lane 3 of CB and lane 7 of BS 
(both having diazepam after oxidative stress) do not show very sharp bands, even 
though all the bands compared to control (lane 1) are present. This shows that a 
certain amount of protection from oxidative stress is provided by diazepam ^ d^lich 
is not complete as diazepam is given after incubating the system for 5 mins in the 
presence of xanthine-xanthine oxidase. Lane 4 (only 0.05 mg diazepam) of BS 
shows slightiy fainter bands compared to control. This could be due to membrane 
changes, but not damage in the presence of diazepam in this region as shown in the 
TEM picture (Plates 9a and 9b). Lane 7 of CB and lane 3 of BS also show faint 
bands but no missing proteins and this could be due to presence of diazepam 
before oxidative stress, thus confirming a protecting ability of diazepam 100 ^ M 
tBHP did not cause enough oxidative stress to lead to changes in membrane. 
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Therefore, lanes 5,6 and 8 show clear and sharp bands (Plates 15 and 17). A point 
ofinterest that has emerged is that though diazepam + radical generated sain{des 
show either faint or missing bands, yet these are not detectable in their respective 
supematants. This shows that though diazepam and xanthine-xanthine oxidase do 
cause protein changes (Slater et al, 1995), yet the membrane impennealMlity is 
not lost. It is known that membrane proteins in the mitochondria frequently form 
specific interactions in order to build a multifunctional protein complex. The 
correct and efficient assembly of these membrane complexes is essential for 
mitochondrial function (Rep et al, 1996). It has also been reported in alveolar 
type n cells that catalase activity was not changed after slight oxidative stress but 
decreased in severe oxidative stress (Gonzalez-Flechaefa/, 1996) which fiirtiier 
confirms all the earUer results of slightly decreased enzyme activities, in presence 
of oxidative stress along with the SDS-PAGE results of a decrease only in coomassie-
blue stain intensity wdiich could be due to protein carbonylation (Delattre and Bonne-
font-Rousselot, 1998; Starke-Reed and Oliver, 1989; Dean et al, 1997). 
In contrast, as shown in lanes 5, 6 and 8 (Plates 15 and 17) which show 
mitochondria exposed to 100 |iM t-BHP both in the presence and absence of 
diazepam, there is no decrease in the intensity of coomassie blue staining and all 
the bands are clearly sharp as compared to control. This could be due to the fact 
that in t-BHP exposed mitochondria both transhydrogenation and transmembrane 
proton gradient appear to be important in NADPH regeneration and consequent 
GSSG reduction (Liu and Kehrer, 1996), thereby preventing any protein 
modification. 
On the basis of data from phospholipid levels and turnover, function related 
ultrastructural changes, Ca fluxes and protein profile, a role for mitochondria in 
oxidative deregulation of Ca functions and a re^onal differential response of it, in 
diazepam effects are indicated. 
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Summary 
In order to see whether the modnlatioii of prooxidative processes due to 
DZ are related to altered calcium dynamics, several lines of in vivo and in vitro 
studies were conducted using CB and BS mitochondria. Brain and liver 
mitochondria showed difference in degree of superoxide induced oxidative 
swelling. Brain mitochondria showed 30% reduction in Ca^ induced swelling in 
the presence of diazepam. Swelling was far less in brain mitochondria as compared 
to liver mitochondria The transmission electron micrographs (TEM) show 
protection to mitochondrial membranes of cerebrum and brain stem incubated with 
diazepam before oxidative stress (in vitro), though diazepam alone does cause 
membrane alterations at higher doses compared to the untreated samples. Diazepam 
enhanced Ca^ * sequestration in mitochondria at different doses and time intervals 
and die pattern of sequestration was different in cerebrum and brain stem. It is 
evident from the data that brain stem mitochondria show greater capacity for 
holding calcium and that too for longer duration as compared to cerebrum 
mitochondria. The mitochondrial membrane marker enzymes, MAO and 
cytochrome c oxidase show only sUght differences in activity due to diazepam 
treatment (in vivo and in vitro). There was a tendency of increase in lysolecithin/ 
lecithin ratio as seen from *^C choline incorporation, yet the polyacrylamide gel 
electrophoresis showed no detectable leakage of proteins from mitochondria, 
thereby confirming that diazepam does not cause gross damage to mitochondrial 
membranes and the membrane impermeability is not lost. In the presence of 
diazepam, protection against oxidative stress to the membrane structure and 
fimctions alongwith die proteins was seen in these studies. Diazepam also enhanced 
the capacity of mitochondria for holding Ca^ v^ Wch is very critical in any toxic 
insult and ultimate cell death 
SUMMARY 
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Generation ofreactive oxygen species leading to perturbations in the structure 
and functions of biomolecules in the cell's microenvironment has been established 
as a physiological as well as a stress response by the studies carried out in this 
laboratory and by reports appearing in literature in the past two decades. The 
biochemical response to occupational and environmental xenobiotics in different 
target tissues involves specific molecular loci and mechanisms in toxic tissue 
injury. Two general phenomena namely, oxidative stress caused by imcontrolled 
generation of free radicals and destabilization of calcium homeostasis have been 
observed in most toxic and stress conditions. The interrelation between these two 
processes has been the subject matter of research in this laboratory in the recent 
past. A central unspecific pathway in toxicity i.e. xenobiotics > 
biotransformation > fi-ee radicals >^ membrane damage >^ altered 
calcium functions >^ diversity of toxic effects has been proposed by us. 
Many neurotoxicants cause oxidative damage to membranes and derangement of 
calcium functions, hence neurotoxic conditions are ideal for stucfying the above 
hypothesis. Brain is especially vulnerable to oxidative damage due to its PUFA 
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rich membrane structures, oxygen availability and atypical antioxidant defences. 
The role of oxidative stress has been well studied in a number of neurodegen-
erative disorders such as Parkinson's and Alzheimer's disease, ischemiaAeperfusion, 
stroke, neuronal damage and amyotrophic lateral sclerosis etc. High doses of 
antioxidants have been tried as therapeutic intervention in slowing the process of 
degeneration. Earlier reports from this laboratory showed involvement of free 
radical related processes and the modulation of antioxidant defences during 
mild anaesthesia by ether and phenobarbitone. Therefore, for this study, diazepam-
a benzodiazepine, was chosen as a neuroactive substance for observation of its 
effect on oxidative phenomenon and calcium deregulation. Since diazepam is not 
a gross CNS depressant and has a mechanism of action different from 
phenobarbitone, it is a widely prescribed drug by clinicians and cases of its overuse 
and abuse have also been reported. Hence, attempts have been made to carry out 
anindepth study on the effect of diazepam on the pro/antioxidative processes in 
different regions of rat brain. 
Early response to single dose and repeated administration of diazepam upto 
3 weeks was followed at the subcellular level. Levels of key antioxidants and 
peroxidative decomposition of PUFAs was followed even after the elimination 
period of the drug i.e. 7 days after the cessation of diazepam administration In a 
reductionist approach, ftirther studies were carried out at the mitochondrial level, 
as mitochondrial membranes have benzodiazepine receptors and leakage of electrons 
from its election tiansport chain especially ubiquinone can cause large scale 
generation of ROS leading to membrane perturbations. Mitochondria have been 
shown in earlier publications to be a critical lod for deciding the ultimate cell 
death and they are a good model for in depth study to test the hypothesis. 
Early biochemical changes due to single exposure to diazepam were observed 
in different regions of brain following administration of diazepam ^p.) at 3 mg/kg 
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body weight to rats which were sacrificed after 1 hr. Diazepam treated rats showed 
lowering of thiobarbituric add reactive substance (TEARS) formation in all &e 
regions ofbrain in a dose dependent manner. However, at the subcellular level 
a variation in response was observed. Enhanced TEARS formation was found in 
the mitochondrial fi^actions fi"om brain stem (ES), cerebellum (CBL) and cerebrum 
(CE). In the post mitochondrial fraction (PMF), CEL showed 49% enhancement 
v i^iereas decreased formation of TEARS was observed in CB and ES. Isozymes of 
superoxide dismutase showed a decrease in activity which was region dependent. 
Eventhough, total thiols were not significantly altered, fi'ee thiols showed depletion 
in cerebellum (39.8%) and brain stem (50%). Glutathione reductase (GR) activity 
was also decreased in the mitochondria of CEL and ES being 72.41% and 59% 
of that of corresponding controls. Similar trends were observed in the PMFs also. 
A trend towards normalisation of antioxidant defenses was observed in rats 
killed 18 hours after diazepam administration. Secondary antioxidant, Qucose-
6-phosphate dehydrogenase (G6PDH) was not affected by diazepam wiiereas 
membrane bound Ca -^Mg '^^ -ATPase activity was enhanced by 6.3 fold in CE and 
2.5 fold in CEL at a 5% LD^^  dose, /n v/7ro studies showed diazepam reducing 
the prooxidant induced lipid peroxidation. Thus the early response indicates that 
diazepam causes fiee radical mediated changes and the modulatory response 
of antioxidant defenses appears to be not only region specific but also organelle 
specific. 
Further studies were undertaken to ascertain the role of pro/anti oxidative 
processes during a low, sub toxic dose schedule in short and long term exposure in 
different regions of rat brain at the subcellular level. The results indicate heterogenei-
ty in the regional responses as well as in different subcellular compartments after 7 
consecutive days of treatment with (fiazepam (3 mg/kg) widi only a slight change 
in the Mn-SOD activity in the 3 regions wMe a significant (p<0.001) increase in 
Cu/Zn-SOD activity in CEL and ES was observed . The GR activity in mito-
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chondria of CBL and BS also showed a highly significant (p<0.001) increase VM[Q 
in the PMF only CB showed a significant rise inactivity and the activity decreased 
to a considerable extent in CBL and BS (p<0.01). An overall stress ad^tive 
response in animals exposed to the drug regularly is observed wiiere the level of 
TBARS is moderately decreased (p<0.1) in the mitochondria of CBL and BS (27% 
and 48% respectively) and significant decrease in CB was observed Considerable 
lowering of TBARS was observed in the PMF of all the regions. Significant rise 
(p<0.001)in total thiols (61% in CBL) was seen in the treated rats. In the follow 
up study, 7 days after the abrupt withdrawal of drug a 1.82 fold increase in TBARS 
formation in mitochondria of CB was observed while PMF showed a 3.68 fold 
enhancement. Highly significant (p<0.001) increase in MDA levels was seen in 
both the fractionsof CBLandBSaswell. On the other hand, significant (p<0.001) 
decrease in both the isozymes of SOD was seen in CBL and BS and a moderate 
decrease in CB. There was a 36% lowering of mitochondrial GR activity inCB. 
Thus after withdrawal of the drug suppressed antioxidant defences could be the 
reason for enhanced TBARS formation. In the group of animals receiving diazepam 
for 21 consecutive days a different trend was observed showing 27% lowering in 
TBARS formation in mitochondria of CB while those of CBL and BS had 48% and 
24% enhanced MDA levels respectively. The SOD isozymes in this group showed 
stability in the activity. The mitochondrial GR activity showed a decrease in all the 
3 regions with maximum decrease (36%) recorded in BS while PMF showed 
significant (37%) lowering in CB. The total -SH content increased in all the regions 
being highly significant (p<0.001) in CBL wMle the free -SH groups showed 
significant (p<0.001) changes in CBL and BS. In the animals withdrawn from the 
drug for 7 days after a 3 week treatment schedule the MDA level decreased by 
38% in CB and 53% each in CBL and BS mitochondrial fractions vyiiich was 
contrary to the response of rats withdrawn from the drug after 1 week of treatment 
In the PMF a 60% decrease in CBL and a highly significant (pO. 001) increase in 
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BS was observed Mn-SOD showed lowered activity in CBL (22%) and in BS 
(15%). The mitochondrial GR activity decreased in all the regions being highest 
in CBwith no significant change in GR of PMFs. The total -SH content in the 
withdrawn animals increased by 46% in CBL with no change in CB and BS v\4iile 
the fi-ee -SH groups also showed a similar pattern. The results indicate towards 
lower oxidative phenomenon during long term treatment with diazepam while abrupt 
withdrawal causes lowering of antioxidant defences which showed regional 
heterogeniety alongwith a decrease in peroxidative decomposition of polyunsaturated 
fatty acids of membranes vsiiich could be due to stabilisation of membranes after 
long-term binding of diazepam. However, in the animals withdrawn fi-om one week's 
treatment, PUFA were more vulnerable to peroxidation as well as lowering of key 
antioxidant defence en2ymes. 
In order to see ^ \ilether the modulation of prooxidative processes due to 
Z are related to altered calcium dynamics, several lines of in vivo and in vitro 
studies were conducted using CB and BS mitochondria. Brain and liver 
mitochondria showed difference in degree of superoxide induced oxidative 
swelling. Brain mitochondria showed 30% reduction in Ca^ induced swelling in 
the presence of diazepam. Swelling was far less in brain mitochondria as compared 
to liver mitochondria. The transmission electron micrographs (TEM) show 
protection to mitochondrial membranes of cerebrum and brain stem incubated with 
diazepam before oxidative stress {in vitro), though diazepam alone does cause 
membrane alterations at higher doses compared to the untreated samples. Diazepam 
enhanced Ca^ sequestration in mitochondria at different doses and time intervals 
and the pattern of sequestration was different in cerebrum and brain stem. It was 
evident fi'om the data that brain stem mitochondria show greater capadty for holding 
calcium and that too for longer duration as compared to cerebrum mitochondria. 
The mitochondrial membrane marker enzymes, MAO and cytochrome c oxidase 
show only slight differences in activity due to diazepam treatment {in vivo and in 
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vitro). There was a tendency of increase in lysolecithin/lecithin ratio as seen 
from "C choline incorporation in the treated group, yet the polyacrylamide gel 
electrophoresis showed no detectable leakage of proteins from mitochondria, thereby 
confirming that diazepam does not cause gross damage to mitochondrial membranes 
and the membrane impermeability is not lost. In the presence of diazepam, protec-
tion against oxidative stress to the mitochondrial membrane structure and 
functions alongwith the proteins was seen in these studies. Diazepam also enhanced 
the capacity of mitochondria for holding Ca^ which is very critical in any toxic 
insult and ultimate cell death. 
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